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An i s o t h e r m a l  t u b u l a r  p a c k e d  r e a c t o r  w i t h  r e c y c l e  
was s t u d i e d .  The t r a n s i e n t  r e s p o n s e  d a t a  c o m p a r i n g  e x p e r i ­
m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s  a r e  e v a l u a t e d  s h o w i n g  t h e  
d i s t r i b u t e d  n a t u r e  o f  t h i s  i n t e r a c t i n g  f e e d b a c k  s y s t e m .  The 
. s e c o n d  o r d e r  h o m o g e n e o u s  l i q u i d  p h a s e  s a p o n i f i c a t i o n  o f  
m e t h y l  a c e t a t e  w i t h  s o d i u m  h y d r o x i d e  i s  t h e  r e a c t i o n  u s e d  
f o r  t h e  e x p e r i m e n t a l  p o r t i o n  o f  t h e  s t u d y .
A t h e o r e t i c a l  m o d e l  u s i n g  f i n i t e  d i f f e r e n c e  t e c h ­
n i q u e s  o n  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  t h e  
s y s t e m  i s  u s e d  t o  p r e d i c t  t h e  d y n a m i c  r e s p o n s e  f o r  c o n c e n t r a ­
t i o n  u p s e t s  a n d  f l o w  r a t e  u p s e t s .  The m o d e l  p r e d i c t i n g  
d y n a m i c  r e s p o n s e  d a t a  f o r  b o t h  s i n g l e  f l o w  a n d  c o n c e n t r a t i o n  
u p s e t s  i s  i n  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a  a n d  t h e  
m o d e l  i s  s a t i s f a c t o r y  f o r  s i m u l a t i o n  o f  t h e  r e c y c l e  t u b u l a r  
r e a c t o r  d y n a m i c s .
i i i
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LITERATURE SURVEY
The CSTR a n d  t u b u l a r  r e a c t o r s  h a v e  r e c e i v e d  a  v a s t  
a m o u n t  o f  a t t e n t i o n  d u r i n g  t h e  p a s t  few  y e a r s  i n  l i t e r a t u r e .  
The  d y n a m i c  n a t u r e  o f  t h e  t u b u l a r  r e a c t o r  h a s  r e c e i v e d  a 
“m od icum  o f  s t u d y  v e r i f y i n g  e x p e r i m e n t a l  r e s u l t s  t o  t h e o r e t i c a l  
m o d e l s  a s  c o m p a r e d  t o  t h e  CSTR s i n c e  t h e  s y s t e m  a n d  m a t h e ­
m a t i c s  i n v o l v e d  a r e  more  c o m p l e x .  A f t e r  c o n s i d e r i n g  t h i s  
s i t u a t i o n ,  r e c e n t  w o rk  was d o n e  by  Ramaswamy (1 )  a n d  
M c K i n s t r y  ( 2 )  t o  show t h a t  t h e  a n a l y t i c a l  m e t h o d s  a n d  s o l u ­
t i o n s  c a n  be  c o n f i r m e d  e x p e r i m e n t a l l y  f o r  t h e  d y n a m ic  n a t u r e  
o f  t h e  t u b u l a r  r e a c t o r  a n d  t h e  t u b u l a r  r e a c t o r  w i t h  r e c y c l e .  
T h i s  l i t e r a t u r e  r e v i e w  w i l l  b r i e f l y  s u m m a r i z e  t h e  i n f o r m a t i o n  
r e p o r t e d  by  M c K i n s t r y  ( 2 )  a b o u t  t h e  t u b u l a r  r e a c t o r  a n d  
t u b u l a r  r e a c t o r  w i t h  r e c y c l e  p l u s  a d d i t i o n a l  i n f o r m a t i o n  on  
t h e  p a c k e d  t u b u l a r  r e a c t o r  w i t h  a n d  w i t h o u t  r e c y c l e .
An a n a l y t i c a l  s o l u t i o n  t o  t h e  r e s p o n s e  o f  c h a n g e s  i n  
f e e d  c o n c e n t r a t i o n  a n d  f l o w  r a t e  u p s e t s  o f  an  i s o t h e r m a l  
h o m o g e n e o u s  t u b u l a r  f l o w  r e a c t o r  w i t h  n o n l i n e a r  k i n e t i c s  i s  
p r e s e n t e d  by K o p p e l  ( 3 , ^ , 5 )  i n  s e v e r a l  o f  h i s  p u b l i c a t i o n s .
A c o m p a r i s o n  o f  t h e  d y n a m ic  r e s p o n s e  s o l u t i o n  a n d  l i n e a r  
s o l u t i o n s  w i t h  e x t e n s i o n s  t o  m ore  c o m p l e x  r e a c t i o n  k i n e t i c s  
a r e  d i s c u s s e d .
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The d y n a m i c  e q u a t i o n s  h a v e  b e e n  r e v i e w e d  a n d  s e v e r a l  
m e t h o d s  o f  s o l u t i o n s  h a v e  b e e n  p r e s e n t e d .  A n a l o g  c o m p u t e r  
s o l u t i o n  was u s e d  by B a t k e ,  F r a n k ,  a n d  J a m e s  ( 6 )  t o  s o l v e  
t h e  s i m p l i f i e d  d y n a m ic  e q u a t i o n s .  D e an s  a n d  L a p i d u s  ( 7 )  
d i s c u s s  a  s o l u t i o n  u s i n g  a  f i n i t e  d i f f e r e n c e  m e t h o d .  A 
m e t h o d  r e l a t i n g  t h e  r e l a t i o n s h i p  o f  t u b u l a r  r e a c t o r  e q u a t i o n  
£ 0  b a t c h  r e a c t o r  e q u a t i o n  was u s e d  b y  Ramaswamy,  S t e r m o l e ,  
a n d  M c K i n s t r y  ( 8 )  t o  s o l v e  t h e  d y n a m ic  r e s p o n s e  o f  a  t u b u l a r  
r e a c t o r  t o  f l o w  u p s e t s .
T u b u l a r  r e a c t o r s  h a v e  b e e n  d i s c u s s e d  by D e n b i g h  ( 9 ) ,  
L e v e n s p i e l  ( 1 0 ) ,  A r i s  ( 1 1 ) ,  a n d  K r a m e r  a n d  W e s t e r t e r p  ( 1 2 )  
i n  t h e i r  b o o k s .  E a c h  a u t h o r  c o n s i d e r s  t h e  a s p e c t s  o f  p l u g  
f l o w  a n d  m e t h o d s  t o  a c c o u n t  f o r  d e v i a t i o n s  f r o m  p l u g  f l o w ,  
D e n b i g h  s u g g e s t s  c o n s t r u c t i o n  o f  t h e  t u b u l a r  r e a c t o r  i n  t h e  
f o r m  o f  a  s p i r a l  v e r s u s  a  s t r a i g h t  t u b e  t o  a c h i e v e  r e a c t o r  
p e r f o r m a n c e  c l o s e r  t o  p l u g  f l o w .  A c c o r d i n g  t o  K r a m e r  a n d  
W e s t e r t e r p ,  t h i s  s p i r a l l i n g  i n d u c e s  a  s e c o n d a r y  f l o w  a n d  i s  
b e n e f i c i a l  by  f l a t t e n i n g  t h e  v e l o c i t y  p r o f i l e  a n d  b y  i n c r e a s '  
i n g  r a d i a l  d i f f u s i o n .  L e v e n s p i e l  u s e s  c o r r e l a t i o n s  r e l a t i n g  
t h e  l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  o f  a  f l o w  r e g i m e  t o  
t h e  same n u m b e r  o f  i d e a l  s t i r r e d  t a n k  r e a c t o r s  p l a c e d  i n  
s e r i e s  t o  c o m p e n s a t e  f o r  t h e  n o n - p l u g  f l o w  s y s t e m .  The 
r e s u l t s  a p p r o x i m a t e  t h e  c o n v e r s i o n  o f  a  t r u e  p l u g  f l o w  r e a c ­
t o r .
R e c y c l e  r e a c t o r s  h a v e  b e e n  u s e d  t o  m o d e l  s y s t e m s  w h i c h  
a r e  b e t w e e n  an  i d e a l  CSTR a n d  an  i d e a l  p l u g - f l o w  r e a c t o r .
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G i l l e s p i e  a n d  C a r b e r r y  ( 1 3 )  show t h a t  t h e  s m a l l e r  t h e  r e c y c l e  
r a t i o  t h e  c l o s e r  t h e  s y s t e m  i s  t o  p l u g - f l o w  r e a c t o r  a n d  t h e  
l a r g e r  t h e  r a t i o  c l o s e r  t o  t h e  CSTR. A r e c y c l e  s y s t e m  h a s  
n o  r e a l  a d v a n t a g e  f o r  s i m p l e  f i r s t - o r d e r  s y s t e m s  b u t  h a s  
m e r i t  i n  s e l e c t i v i t y  when c o m p l e x  s y s t e m s  a r e  c o n s i d e r e d .
The r e c y c l e  s y s t e m  was s t u d i e d  by R i p p i n  ( 1 4 )  i n  t e r m s  
- o f  i n c o m p l e t e  m i x i n g .  The r e s u l t s  s h o w e d  t h a t  t h e  r e c y c l e  
r e a c t o r  i s  a  "maximum m i x e d n e s s "  r e a c t o r .
A d i s p e r s i o n  m o d e l  f o r  a  f i r s t  o r d e r  r e a c t i o n  was 
s o l v e d  f o r  t h e  t r a n s i e n t  r e s p o n s e  o f  a  l i n e a r  r e a c t o r  w i t h  
r e c y c l e  by  S c h m e a l  a n d  Amundson ( 1 5 ) .  A s i m i l a r  s y s t e m  was 
i n v e s t i g a t e d  by  P a r e j a  a n d  R e i l l y  ( 1 6 ) .
The s t a b i l i t y  o f  t h e  s t e a d y  s t a t e  o f  a  p l u g - f l o w  r e a c ­
t o r  w i t h  r e c y c l e  a n d  t r a n s i e n t  s t a t e s  a r e  d i s c u s s e d  i n  a  
s e r i e s  o f  tw o  p a p e r s  by  R e i l l y  a n d  S c h m i t z  ( 1 7 , 1 8 ) .  The 
s t a b i l i t y  s t u d y  o f  s t e a d y  s t a t e s  n e g l e c t e d  t h e  a x i a l  d i s ­
p e r s i o n  o f  h e a t  a n d  m ass  a n d  u s e d  t h e  N e w t o n - R a p h s o n  i t e r a ­
t i o n  t e c h n i q u e  f o r  t h e  s o l u t i o n .  The t r a n s i e n t  s t a t e s  w e r e  
o b t a i n e d  f r o m  a n a l y s i s  o f  l i n e a r i z e d  t r a n s i e n t  e q u a t i o n s .
I n  t h e  a r e a  o f  p a c k e d  b e d  r e a c t o r s ,  t h e  m a j o r i t y  o f  t h e  
e f f o r t  h a s  b e e n  c o n n e c t e d  w i t h  h e a t  t r a n s f e r  v e r s u s  m ass  
t r a n s f e r .  S i n a i  a n d  F o s s  ( 1 9 )  e v a l u a t e d  t h e  t e m p e r a t u r e  
r e s p o n s e  o f  a  f i x e d  b e d  c h e m i c a l  r e a c t o r .
S c h w a r t z  a n d  S m i t h  ( 2 0 )  s h o w e d  i n  t h e i r  w o r k ' t h a t  
u n l e s s  i s  g r e a t e r  t h a n  3 0 ,  i m p o r t a n t  v e l o c i t y  v a r i a ­
t i o n s  w i l l  e x i s t  a c r o s s  a  p a c k e d  b e d .
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The e f f e c t  o f  m i x i n g  on  t u b u l a r  r e a c t o r  p e r f o r m a n c e  was 
s t u d i e d  by H o rn  a n d  P a r i s h  ( 2 1 ) .  They i n d i c a t e d  t h a t  t h e  
n o n - u n i f o r m  v e l o c i t i e s  a n d  i m p e r f e c t  m i x i n g  i n  t h e  v o i d s  o f  
a  p a c k e d  r e a c t o r  w i l l  r e s u l t  i n  a  r e a c t o r  p e r f o r m a n c e  w h i c h  
d e v i a t e s  f r o m  i d e a l  p l u g  f l o w .
The p o i n t  t h a t  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t  c o n t r o l s  
t h e  d i s p e r s i o n  c o m p a r e d  t o  t h e  e f f e c t s  o f  t h e  c o n v e c t i v e  
m a s s - t r a n s f e r  a x i a l l y  i n  p a c k e d  b e d s  i s  d i s c u s s e d  by T u r n e r  
( 2 2 ) .  To m o d e l  a  p l u g  f l o w  s y s t e m  w i t h  a  c a s c a d e  o f  CSTR 
c e l l s ,  t h e  n u m b e r  o f  c e l l s  i s  a b o u t  e q u a l  t o  t h e  l e n g t h  o f  
t h e  r e a c t o r  d i v i d e d  by  t h e  d i a m e t e r  o f  t h e  p a r t i c l e  a c c o r d ­
i n g  t o  T u r n e r  ( 2 2 ) .
F ro m  t h e  l i t e r a t u r e  c i t e d ,  one  c a n  s e e  t h a t  l i t t l e  w o rk  
h a s  b e e n  d o n e  on  t h e  t r a n s i e n t  r e s p o n s e  o f  p a c k e d  t u b u l a r  
c h e m i c a l  r e a c t o r s .  H o p e f u l l y ,  t h i s  s t u d y  w i l l  v e r i f y  t h e o r y  
a n d  a d d  t o  t h e  p r o g r e s s  b e i n g  made i n  t h e  a r e a  o f  t u b u l a r  
r e a c t o r s .
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EXPERIMENTAL STUDY
A summary  o u t l i n i n g  t h e  r e a c t i o n  k i n e t i c s ,  d e s c r i p t i o n  
o f  t h e  e q u i p m e n t ,  r e s p o n s e  o f  t h e  c o n c e n t r a t i o n  m e a s u r i n g  
. e l e m e n t ,  t h e  i s o t h e r m a l  p r o p e r t i e s  o f  t h e  s y s t e m ,  t h e  o p e r a ­
t i o n  o f  t h e  e q u i p m e n t ,  a n d  a n  o u t l i n e  o f  t h e  e x p e r i m e n t a l  
d a t a  o b t a i n e d  i s  p r e s e n t e d .
K i n e t i c s
The  s e c o n d  o r d e r  h o m o g e n e o u s  l i q u i d  p h a s e  s a p o n i f i c a ­
t i o n  o f  m e t h y l  a c e t a t e  w i t h  s o d i u m  h y d r o x i d e  was  u s e d  i n  
t h i s  s t u d y .  The r e a c t i o n  i s  a s  f o l l o w s :
CH3COOCH3 + NaOH -> CT^OH + CI^COONa
T h i s  r e a c t i o n  was s e l e c t e d  f o r  t h e  i n v e s t i g a t i o n  b e c a u s e  i t  
i s  a  l i q u i d  i r r e v e r s i b l e  s e c o n d - o r d e r  r e a c t i o n  tw i t h  a  h i g h  
r a t e  c o n s t a n t  a t  t h e  t e m p e r a t u r e  s t u d i e d ,  4 2 ° C .  H e a t  
e f f e c t s  w e r e  e l i m i n a t e d  t o  i n s u r e  an  i s o t h e r m a l  s y s t e m  by  
u s i n g  c o n c e n t r a t i o n s  l e s s  0 . 3 N ,  p l u s  t h e r e  was no a p p r e c i a b l e  
h e a t  o f  m i x i n g  ( 2 , 2 3 ) .
The r a t e  c o n s t a n t  d a t a  was  o b t a i n e d  f r o m  p r e v i o u s  
s t u d i e s  (2  ,2 * 0  .
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A p p a r a t u s
The f o l l o w i n g  s e c t i o n  w i l l  c o v e r  a  d e s c r i p t i o n  o f  t h e  
e x p e r i m e n t a l  e q u i p m e n t ,  p h y s i c a l  o p e r a t i o n  o f  t h e  e q u i p m e n t ,  
a n d  a n a l y s i s  o f  t h e  i m p o r t a n t  c o m p o n e n t s  o f  t h e  s y s t e m .
E q u i p m e n t
A s c h e m a t i c  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  s y s t e m  i s  
shown on F i g u r e  1 .  The r e c y c l e  l i n e  i s  22 i n .  ( 5 5 . 8 8  cm)
D
l o n g  c o m p a r e d  t o  t h e  r e a c t o r  s i z e  o f  10 f t  ( 3 0 4 . 8  cm) a n d  
1 f t  ( 3 0 . 4 8 ) ,  t h u s  r e a c t i o n  was a s s u m e d  i n  t h e  r e c y c l e  l i n e .  
I m p e r i a l - E a s t m a n  1 / 4 - i n c h  p o l y f l o w  t u b i n g  was  u s e d  f o r  a l l  
f l o w  l i n e s  t o  t h e  r e a c t o r  s y s t e m  w h i c h  f a c i l i t a t e d  e a s y  d i s ­
m a n t l i n g  o f  t h e  e q u i p m e n t  t o  r e n e w  r e a c t a n t s  t o  t h e  f e e d  
t a n k s .  The r e a c t a n t s  u s e d  a s  shown i n  F i g u r e  1 w e r e  s t o r e d  
i n  t a n k s  1 0 ,  1 1 ,  1 2 ,  a n d  13* w h i c h  w e r e  pum ped  by  a i r  t o  t h e  
r e a c t o r .  The a i r  p r e s s u r e  was c o n t r o l l e d  by r e g u l a t o r s  18 
a n d  19 a n d  m e a s u r e d  by  m a n o m e t e r s  16 a n d  1 7 .  The  o p e r a t i n g  
p r e s s u r e s  w e r e  m a i n t a i n e d  a t  a b o u t  14 i n c h e s  o f  m e r c u r y .
The f e e d  t a n k s  w e r e  r e f i l l e d  p e r i o d i c a l l y  w i t h  f r e s h  
s o l u t i o n .  T a n k s  10 a n d  11 c o n t a i n e d  t h e  s o d i u m  h y d r o x i d e  
s o l u t i o n  w h i l e  t a n k s  12 a n d  13 h e l d  t h e  m e t h y l  a c e t a t e  s o l u ­
t i o n s  .
The r e a c t a n t s  w e r e  pum ped  t h r o u g h  p r e h e a t e r s  1 ,  2 ,  3 , 
a n d  4 .  The p r e h e a t e r s  w e r e  1 0 —f t  c o i l s  o f  0 . 4 8 2 - c m - d i a m e t e r  
c o p p e r  t u b e  i m m e r s e d  i n  a  t h e r m o s t a t i c  b a t h  m a i n t a i n e d  a t  
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The s e l e c t i o n  o f  r e a c t a n t s  was made by t h e  t h r e e - w a y  
T e f l o n  v a l v e s  14 a n d  15 a f t e r  t h e  r e a c t a n t s  f l o w e d  f r o m  t h e  
p r e h e a t e r .  The f l o w s  o f  t h e  r e a c t a n t s  w e r e  m e t e r e d  w i t h  
r o t a m e t e r s  8 a n d  9 .  C o n t r o l  o f  t h e  f l o w s  i n  t h e  r e a c t o r  was  
o b t a i n e d  w i t h  n e e d l e  v a l v e s  6 a n d  7 .
The m e t e r e d  r e a c t a n t  s t r e a m s ,  a f t e r  f l o w i n g  t h r o u g h  t h e  
n e e d l e  v a l v e s ,  e n t e r e d  t h e  r e a c t o r ,  w h i c h  was i m m e r s e d  i n  
t h e  same t h e r m o s t a t i c  b a t h  a s  t h e  p r e h e a t e r  a n d  m a i n t a i n e d  
a t  4 2 ° C ;  t h e r e f o r e ,  e n a b l i n g  an  e s s e n t i a l l y  i s o t h e r m a l  o p e r a ­
t i o n  t o  be  a s s u r e d .
The p h y s i c a l  d e s i g n  o f  t h e  m a in  r e a c t o r  was a  10 f t  
( 3 0 4 . 8 0  cm) a n d  a  1 f t  ( 3 0 . 4 8  cm) l o n g  3 / 8  i n c h - d i a m e t e r  
c o p p e r  t u b e  i n  t h e  f o r m  o f  a  s p i r a l .  The r e c y c l e  l i n e  was 
22 i n c h e s  l o n g ;  t h i s  s i m u l a t e d  a  m o d e l  w h e r e  t h e  r e c y c l e  
l e n g t h  i s  s i g n i f i c a n t  a n d  r e a c t i o n  o c c u r r e d  i n  t h e  l i n e .
The r e a c t o r s  w e r e  p a c k e d  w i t h  s p h e r i c a l  g l a s s  b e a d s .  T h r e e  
r e a c t o r s  w e r e  u s e d ,  e a c h  w i t h  a  d i f f e r e n t  s i z e  p a c k i n g .  The
3 . 0 - m m - d i a m e t e r  a n d  3« 5 - n m i - d i a m e t e r  b e a d s  w e r e  u s e d  i n  1 0 - f t  -  
l e n g t h  r e a c t o r s  w h i l e  t h e  1 . 0 - m m - d i a m e t e r  b e a d s  p a c k e d  a
1 . 0 - f t - l e n g t h  r e a c t o r .  The o u t l e t  c o n c e n t r a t i o n  o f  t h e  
r e a c t o r  was  pumped  by m ean s  o f  a  s m a l l  c e n t r i f u g a l  pump 22 
t o  t h e  i n l e t  o f  t h e  m a in  r e a c t o r .  The r e c y c l e  l i n e  h a d  a 
b a l l - c h e c k  t o  p r e v e n t  b a c k  f l o w  f r o m  t h e  m a in  r e a c t o r .
A b y p a s s  l i n e  was  i n s t a l l e d  i n  t h e  r e c y c l e  l i n e  w i t h  a  
r o t a m e t e r  23  t o  p e r m i t  m o n i t o r i n g  t h e  r e c y c l e  f l o w  r a t e .
The b y p a s s  l i n e  was u s e d  o n l y  f o r  t h e  p u r p o s e  o f  e s t a b l i s h i n g
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t h e  i n i t i a l  f l o w  r a t e .
The r e a c t o r  e f f l u e n t  was f e d  t h r o u g h  a  f l o w  c e l l ,  w h e r e  
t h e  c o n c e n t r a t i o n  was m o n i t o r e d  w i t h  a  S a r g e n t / J e n a  c o m b i n a ­
t i o n  e l e c t r o d e  ( r a n g e  0 t o  14 p h ) . The o u t p u t  o f  t h e  
S a r g e n t / J e n a  was r e c o r d e d  on  a  M o se ly  s t r i p - c h a r t  r e c o r d e r .
C o n c e n t r a t i o n  M e a s u r e m e n t  S y s t e m
The  s y s t e m  u s e d  t o  m e a s u r e  t h e  o u t l e t  c o n c e n t r a t i o n  o f  
t h e  r e a c t o r  d u r i n g  t r a n s i e n t  c o n d i t i o n s  was a  S a r g e n t / J e n a  
p h  c o m b i n a t i o n  e l e c t r o d e  c o u p l e d  w i t h  a  L e e d s  a n d  N o r t h r u p  
M ode l  7401  ph  m e t e r .  The s y s t e m  h a d  an  i n h e r e n t  r e s p o n s e  
t i m e  l a g  w h i c h  was e x a m i n e d  a n d  e v a l u a t e d  by  K a r l  A.
M c K i n s t r y  ( 2 )  a n d  v e r i f i e d  by t h e  a u t h o r .  The  t i m e  was 
d e t e r m i n e d  t o  b e  2 . 4  s e c o n d s  a n d  was  i n c o r p o r a t e d  i n t o  t h e  
m a t h e m a t i c a l  m o d e l  r e p r e s e n t i n g  t h e  s y s t e m .
I s o t h e r m a l  P r o p e r t i e s  o f  t h e  R e a c t o r  S y s t e m
As shown i n  a  p r e v i o u s  s t u d y  ( 2 )  t h e  s y s t e m  a s  e s t a b ­
l i s h e d  w i t h  l o w  c o n c e n t r a t i o n s  o f  r e a c t a n t s  i s  an  i s o t h e r m a l  
o p e r a t i o n .  The  r e a c t i o n  i s  c o n d u c t e d  i n  a n  t h e r m o s t a t i c  
b a t h  a n d  t h e r e  i s  n e g l i g i b l e  h e a t  o f  m i x i n g  f o r  t h e  s o l u t i o n .
O p e r a t i o n  o f  t h e  E q u i p m e n t
The r e a c t a n t  s o l u t i o n s  w e r e  p r e p a r e d  w i t h  r e a g e n t  g r a d e  
s o d i u m  h y d r o x i d e  p e l l e t s  ( 9 7 . 0  p e r c e n t )  a n d  r e a g e n t  g r a d e  
m e t h y l  a c e t a t e  ( 9 9 . 9  p e r c e n t ,  a n h y d .  max.  0 . 1  p e r c e n t  a l e . ) .  
The  c o n c e n t r a t i o n s  u s e d  w e r e  a p p r o x i m a t e l y  0 .2 5 N  a n d  0 .1 2 5 N
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i n  w h i c h  t h e  c o n c e n t r a t i o n s  o f  t h e  r e a c t a n t  s o l u t i o n s  
w e r e  d e t e r m i n e d  by s t a n d a r d  t i t r a t i o n  t e c h n i q u e s .
C o n s i d e r a b l e  n o i s e  i n  t h e  r e c o r d e d  o u t p u t  was  r e d u c e d  
by s o a k i n g  t h e  ph e l e c t r o d e  i n  a s a t u r a t e d  s o l u t i o n  o f  
p o t a s s i u m  c h l o r i d e  f o r  a t  l e a s t  e i g h t  h o u r s .  A d d i t i o n a l  
n o i s e  was e l i m i n a t e d  f r o m  o t h e r  o p e r a t i n g  e l e c t r i c a l  e q u i p ­
m e n t  by  u s i n g  s t e e l  s h e a t h e d  w i r e s  b e t w e e n  ph  m e t e r  a n d  t h e  
r e c o r d e r .  A l l  e l e c t r i c a l  e q u i p m e n t  i n c l u d i n g  t h e  c e n t r i f u g a l  
pump,  ph  m e t e r ,  t h e r m o s t a t i c  b a t h ,  a n d  M o s e ly  r e c o r d e r  w e r e  
g r o u n d e d .
The s y s t e m  was p r e s s u r i z e d  w i t h  a l l  v a l v e s  c l o s e d  
i n i t i a l l y .  T hen  t h e  p r e s s u r e  r e g u l a t o r s  w e r e  o p e n e d  e s t a b ­
l i s h i n g  t h e  d e s i r e d  o p e r a t i n g  p r e s s u r e .  The p o s i t i o n  o f  t h e  
tw o  t h r e e - w a y  v a l v e s  14 a n d  15 was e s t a b l i s h e d  b a s e d  on  t h e  
r e q u i r e d  c o n c e n t r a t i o n s  b e i n g  f e d  i n t o  t h e  r e a c t o r .  A f t e r  
t h e  t h r e e - w a y  v a l v e s  h a d  b e e n  p o s i t i o n e d  t h e  two n e e d l e  
v a l v e s  6 a n d  7 w e r e  o p e n e d  a n d  t h e  d e s i r e d  f l o w  r a t e s  e s t a b ­
l i s h e d  by  u s e  o f  t h e  r o t a m e t e r s  8 a n d  9 .  Then t h e  r e c y c l e  
pump was p u t  i n t o  o p e r a t i o n  a n d  t h e  f l o w  r a t e  e s t a b l i s h e d  
w i t h  t h e  n e e d l e  v a l v e  21 a n d  d e t e r m i n e d  by t h e  r o t a m e t e r  2 3 .
A f t e r  t h e  r e a c t i o n  h a d  r e a c h e d  s t e a d y  s t a t e  s e v e r a l  
s a m p l e s  w e r e  c o l l e c t e d  a t  t h e  r e a c t o r  o u t l e t ,  q u e n c h e d  w i t h  
e x c e s s  h y d r o c h l o r i c  a c i d ,  a n d  t i t r a t e d  t o  d e t e r m i n e  t h e  
s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n  o f  t h e  r e a c t o r  p r o d u c t  s t r e a m .  
The p u r p o s e  o f  q u e n c h i n g  w i t h  t h e  e x c e s s  h y d r o c h l o r i c  a c i d
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was t o  s t o p  t h e  s a p o n i f i c a t i o n  r e a c t i o n .
The c o n c e n t r a t i o n  a n d  f l o w  r a t e  u p s e t s  w e r e  a c c o m p l i s h e d  
by  m a n i p u l a t i o n  o f  t h e  r e s p e c t i v e  v a l v e s .  Upon r e a c h i n g  a 
new s t e a d y  s t a t e ,  a g a i n  s e v e r a l  s a m p l e s  w e r e  c o l l e c t e d  a t  t h e  
e x i t  s t r e a m ,  q u e n c h e d  w i t h  e x c e s s  h y d r o c h l o r i c  a c i d ,  a n d  
t i t r a t e d  t o  d e t e r m i n e  t h e  s o d i u m  h y d r o x i d e  c o n t e n t .
E x p e r i m e n t a l  D a t a  
D a t a  w e r e  o b t a i n e d  f r o m  t h r e e  r e a c t o r s  w h i c h  w e r e  a  1 0 -  
f t  r e a c t o r  p a c k e d  w i t h  3*5-mm g l a s s  b e a d s ,  1 0 - f t  r e a c t o r  
p a c k e d  w i t h  3«0-mm g l a s s  b e a d s ,  a n d  1—f t  r e a c t o r  p a c k e d  w i t h  
l . ' 0 -m m  g l a s s  b e a d s .  T h r e e  t y p e s  o f  u p s e t s  w e r e  made on  e a c h  
r e a c t o r .  The t y p e s  o f  u p s e t s  w e r e  s o d i u m  h y d r o x i d e  c o n c e n ­
t r a t i o n ,  s o d i u m  h y d r o x i d e  f l o w  a n d  m e t h y l  a c e t a t e  f l o w .  The 
f l o w  r a t e s  w e r e  a l l  i n  t h e  l a m i n a r  r e g i o n .
The  d a t a  c o n s i s t  o f  ph  r e a d i n g  v e r s u s  t i m e  w h i c h  was 
c o n v e r t e d  t o  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n .  A l l  r u n s  w e r e  
d u p l i c a t e d  t o  i n s u r e  r e p r o d u c i b i l i t y .  The o u t p u t  r e s u l t s  
a r e  t a b u l a t e d  i n  t h e  A p p e n d i x .
The e x p e r i m e n t a l  e r r o r  was  d e t e r m i n e d  by c a l c u l a t i n g  
t h e  v a r i a n c e  o f  t h e  s a m p l e s  w i t h d r a w n  a t  t h e  r e a c t o r  o u t l e t  
t o  a n a l y z e  t h e  s t e a d y  s t a t e .  The p e r c e n t  e r r o r  a t  a  95$ 
c o n f i d e n c e  l e v e l  was  i n  t h e  r a n g e  o f  1 . 5  t o  2 . 5  p e r c e n t .
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MATHEMATICAL MODELS
The f o l l o w i n g  s e c t i o n  w i l l  d i s c u s s  t h e  m e t h o d  u s e d  t o  
d e t e r m i n e  t h e  s t e a d y  s t a t e  o f  t h e  r e c y c l e  r e a c t o r  a n d  t h e  
n u m e r i c a l  s o l u t i o n s  t h a t  i n c o r p o r a t e  a  f i n i t e  d i f f e r e n c e  
a p p r o x i m a t i o n  o f  t h e  d i s t r i b u t e d  p a r a m e t e r  s y s t e m  t o  p r e d i c t  
t h e  d y n a m ic  r e s p o n s e .  The a s s u m p t i o n  was made t h a t  t h e  
r e c y c l e  l i n e  e f f l u e n t  a n d  f r e s h  f e e d  m i x i n g  was i n s t a n t a n e o u s  
a n d  p e r f e c t .
A n a l y s i s  o f  Dynamic  R e s p o n s e
By w r i t i n g  a  m ass  b a l a n c e  o v e r  a  d i f f e r e n t i a l  e l e m e n t  
o f  t h e  r e a c t o r  t h e  r e s u l t  w i l l  be  t h e  b a s i c  e q u a t i o n  d e s c r i b ­
i n g  t h e  c o n c e n t r a t i o n  h i s t o r y  i n  a  r e c y c l e  t u b u l a r  r e a c t o r .  
The f o l l o w i n g  a r e  t h e  m a ss  b a l a n c e  e q u a t i o n s  f o r  a  s e c o n d  
o r d e r  i s o t h e r m a l  p l u g - f l o w  s y s t e m :
3ca 3Ca— “  + v — 2. = - k C . C o  ( 1 )
at 3x A B
3CR aCR
— -  + v  — -  = - k C . C n ( 2 )at ax A b
The b o u n d a r y  a n d  i n i t i a l  c o n d i t i o n s  f o r  t h e  m a in  r e a c t o r  
a r e
CA( 0 , t )  = (x) Ca U ' . t )  + ( 1-T) c Aj0 (3)
1 2 7 2 16
C , . ( x , 0 )  = CA( x )  ( 4 ).K H
C5 ( 0 , t )  = ( t ) Cb ( A' , t ) + ( 1 - x )  CB j0  ( 5 )
Ca ( x , 0 )  = C „ ( x ) .  ( 6 )^ n>
S i n c e  t h e  e f f e c t  o f  t h e  r e c y c l e  l i n e  c o u l d  n o t  b e  n e g ­
l e c t e d  t h e  f o l l o w i n g  e q u a t i o n s  w e r e  u s e d  t o  d e s c r i b e  t h e  c o n ­
c e n t r a t i o n  h i s t o r y  i n  t h e  r e c y c l e  l i n e .
i r + v ’ t r  = - kCAc B <7)
3C„ 3Cr
_ B  + v , _ g .  .  ( 8 )
The i n i t i a l  a n d  b o u n d a r y  c o n d i t i o n s  f o r  t h e  r e c y c l e  l i n e
a r e
CA( 0 , t )  = CAU )  ( 9 )
CA( X ’ , 0 )  = CA( x > )  ( 1 0 )
c 3 ( o , t )  = c b ca)  ( 1 1 )
C _ ( x 1 j 0) = CB ( x ' ) . ( 1 2 )
By u s i n g  a  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  o f  t h e  
d e r i v a t i v e s  on  e q u a t i o n  ( 1 ) a n d  ( 2 ) t h e  r e s u l t i n g  e q u a t i o n s  
a r e
CA ( W - M D  _ vCA( I - l )  vCA( I )
At Ax Ax A
-  k C . ( I ) C R( I )  ( 1 3 )
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C ' ( I ) - C R ( I )  vCB ( I - l )  VCR( I )
- B   B--------- __B_---------------------g------------kCA( I ) C B ( I )  ( I D )
At Ax Ax
A f t e r  r e a r r a n g i n g  e q u a t i o n s  ( 1 3 )  a n d  ( 1 4 )  a n d  c o n s i d e r i n g  
e a c h  l e n g t h  i n c r e m e n t  Ax a s  a  p e r f e c t l y  m i x e d  c e l l ,  t h e  o u t ­
l e t  c o n c e n t r a t i o n  f r o m  e a c h  Ax s e g m e n t  i n  t h e  r e a c t o r  was 
c a l c u l a t e d  by  t h e  f o l l o w i n g :
At vAtCA( I - l )
CA' ( I )  = CA( I )  ( 1 . 0  -  £ 7 * -  k i t C g ( I ) ) + ------------  ( 1 5 )
A. v A t C . ( I - l )
CB ’ ( I )  = CB( I )  ( 1 . 0  -  —  -  k i t C B ( I ) )  + -----------   ( 1 6 )
U s i n g  t h e  same t e c h n i q u e  a s  u s e d  on  e q u a t i o n s  ( 1 ) a n d  
( 2 ) r e s u l t i n g  i n  e q u a t i o n s  ( 1 5 ) a n d  ( 1 6 ) ,  e q u a t i o n s  ( 1 7 ) a n d  
( 1 8 ) a r e  d e r i v e d  f r o m  e q u a t i o n s  ( 7 ) a n d  ( 8 ) .
v ' A t  v ' A t C A( I - l )
CA ( ! )  = CA( I )  ( 1 . 0  -  -  kA tC B ( I ) )  + ----------^ --------  ( 1 7 )
v ' A t  v ' A t C R( I - l )
CB ( I )  = CB ( I )  ( 1 . 0  -  -  kA tC A( I ) )  + -----------   ( 1 8 )
E q u a t i o n s  ( 1 5 ) ,  ( 1 6 ) ,  ( 1 7 ) ,  a n d  ( 1 8 )  m u s t  b e  s o l v e d  
s i m u l t a n e o u s l y  w i t h  t h e  a p p r o p r i a t e  i n i t i a l  a n d  b o u n d a r y  c o n ­
d i t i o n s .  E q u a t i o n s  ( 3 ) ,  ( 4 ) ,  ( 5 ) ,  ( 6 ) ,  ( 9 ) ,  ( 1 0 ) ,  ( 1 1 ) ,  a n d  
( 1 2 ) m u s t  b e  s o l v e d  t o  o b t a i n  a  s o l u t i o n  f o r  t h e  t r a n s i e n t  
r e s p o n s e .
E q u a t i o n s  ( 1 5 )  a n d  ( 1 6 )  w e r e  u s e d  t o  s o l v e  f o r  t h e  t r a n ­
s i e n t  c o n c e n t r a t i o n  p r o f i l e  o f  A a n d  B i n  t h e  m a in  r e a c t o r .
The  c o n c e n t r a t i o n  p r o f i l e  i n  t h e  r e c y c l e  l i n e  a s  a  f u n c t i o n
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o f  t h e  t i m e  i n c r e m e n t ,  A t ,  was  s o l v e d  by e q u a t i o n s  ( 1 7 )  a n d  
( 1 8 ) .  F o r  a  d e t a i l e d  e x p l a n a t i o n  o f  t h e  m o d e l  r e f e r  t o  t h e  
t h e s i s  by  M c K i n s t r y  ( 2 ) .  S i n c e  t h e  r e a c t o r  was p a c k e d  a n d  
o p e r a t e d  i n  t h e  l a m i n a r  f l o w  r a n g e ,  t h e  n u m b e r  o f  c e l l s  u s e d  
was 20  f o r  3 . 5—mm p a c k e d  r e a c t o r ,  30 f o r  3 . 0-mm p a c k e d  
r e a c t o r ,  75  f o r  1 . 0 -mm p a c k e d  r e a c t o r ,  a n d  2 f o r  t h e  r e c y c l e  
l i n e .  The n u m b e r  o f  c e l l s  u s e d  i n  e a c h  t y p e  o f  r e a c t o r  was 
l e s s  t h a n  t h e  n u m b e r  r e q u i r e d  f o r  p l u g  f l o w  r e s p o n s e .
To i n s u r e  s t a b i l i t y  o f  t h e  s o l u t i o n ,  t h e  f o l l o w i n g  t e r m s
( 1 . 0  -  -  k A t C ^ ( I ) ) ( 1 9 )
a n d
( 1 . 0  -  -  k i t e ,  ( I ) )  ( 2 0 )
Ax 1
w e r e  u s e d  f o r  b o t h  t h e  m a in  r e a c t o r  a n d  r e c y c l e  l i n e .  At 
c a l c u l a t i o n s  w e r e  made f o r  t h e  f i r s t  a n d  l a s t  c e l l  o f  r e a c ­
t o r  a n d  r e c y c l e  l i n e  a t  b o t h  t h e  i n i t i a l  a n d  f i n a l  s t e a d y -  
s t a t e  c o n d i t i o n s  f o r  e a c h  c o m p o n e n t  A a n d  B. The minimum 
t i m e  i n c r e m e n t ,  A t ,  was d e t e r m i n e d  a n d  r e d u c e d  by a  f a c t o r  
o f  10  p e r c e n t  t o  m a i n t a i n  s t a b i l i t y  o f  t h e  s o l u t i o n .
A n a l y s i s  o f  t h e  S t e a d y  S t a t e
The m e t h o d  t o  d e t e r m i n e  t h e  s t e a d y  s t a t e  p r o f i l e  was 
b a s e d  on  t h e  c o n t i n u o u s  f l o w  s t i r r e d  t a n k  r e a c t o r .  The  p l u g -  
f l o w  r e a c t o r  a c h i e v e s  maximum c o n v e r s i o n  a n d  c o u l d  be  c o n ­
s i d e r e d  e q u a l  t o  an  i n f i n i t e  n u m b e r  o f  s t i r r e d  t a n k .
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H o w e v e r ,  m in imum c o n v e r s i o n  w i l l  e x i s t  i f  o n l y  one  CFSTR 
c o u l d  be c o n s i d e r e d .  I n  t h i s  c a s e ,  t h e  p a c k e d  t u b u l a r  
r e a c t o r  w i l l  e x i s t  b e t w e e n  t h e  r a n g e  o f  o n e  CSTR a n d  t h e  
p l u g - f l o w  r e a c t o r ,  w h i c h  c a n  b e  r e p r e s e n t e d  by an i n f i n i t e  
n u m b e r  o f  CFSR. A l s o ,  i n  t h i s  c a s e ,  t h e  f l o w  c o n d i t i o n  i n  
t h e  r e a c t o r  was c o n s i d e r e d  t o  b e  i n  t h e  l a m i n a r  r a n g e .  Due 
t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  r e a c t o r ,  d i s p e r s i o n  
e x i s t e d .  T h i s  d i s p e r s i o n  e f f e c t  c a u s e d  t h e  r e a c t o r  t o  
d e v i a t e  f r o m  i d e a l  p l u g  f l o w .
By e v a l u a t i n g  t h e  s t e a d y  s t a t e  s t i r r e d  t a n k  e q u a t i o n s  
( 2 1 )  a n d  ( 2 2 )  N s u c c e s s i v e  t i m e s ,  t h e  f i n a l  s t e a d y  s t a t e  c o n ­
c e n t r a t i o n  o r  o u t l e t  c o n c e n t r a t i o n  was  d e t e r m i n e d .  The 
f o l l o w i n g  e q u a t i o n s  a r e  b a s e d  on m a t e r i a l  b a l a n c e s ,  o v e r  a  
CSTR a t  s t e a d y  s t a t e :
CA0V “ CAV "  kVCA°B “ 0 ( 2 1 )
CB0V -  V -  kVCACB = °  ( 2 2 )
E q u a t i o n s  ( 2 3 )  a n d  ( 2 4 )  c a n  b e  w r i t t e n  due  t o  s t o i c h i o -  
me t  r y .
CB0 "  CA0 -  M0 = CB "  CA ( 2 3 )
o r
CB = M0 + CA ( 2 4 )
E q u a t i o n s  ( 2 1 )  a n d  ( 2 2 )  m u s t  be  s o l v e d  s i m u l t a n e o u s l y ,  h o w e v e r  
by  s u b s t i t u t i n g  e q u a t i o n  ( 2 4 )  i n t o  e q u a t i o n  ( 2 1 ) ,  t h e  f o l ­
l o w i n g  r e s u l t s  w i l l  be  a  q u a d r a t i c  p o l y n o m i a l  i n  w h i c h
c a n  be s o l v e d  d i r e c t l y  by t h e  q u a d r a t i c  f o r m u l a :
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( 2 5 )
The r e c y c l e  mass  b a l a n c e  was o f  t h e  same f o r m  a s  t h e  m a in  
r e a c t o r  e x c e p t  v T a n d  V T w e r e  u s e d  i n  e q u a t i o n  ( 2 5 )  i n s t e a d  
o f  v  a n d  V. By i t e r a t i v e  t e c h n i q u e  c o u p l i n g  t h e  e q u a t i o n s  
f o r  r e a c t o r  a n d  t h e  r e c y c l e  l i n e ,  t h e  s t e a d y  s t a t e  p r o f i l e  
was d e t e r m i n e d  f o r  A a n d  t h e n  c o m p o n e n t  B was o b t a i n e d . f r o m
A g a i n ,  f o r  d e t a i l e d  d i s c u s s i o n  o f  t h e  s o l u t i o n  r e f e r  t o  
M c K i n s t r y ’ s t h e s i s  ( 2 ) .
CB ( I )  ’  M0 + CA( I ) ( 2 6 )
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INTERPRETATION OF RESULTS
T a b l e  1 l i s t s  t h e  e x p e r i m e n t a l  r u n s  w i t h  t h e  o p e r a t i n g  
c o n d i t i o n s .  Runs  1 t o  6 w e r e  made w i t h  t h e  1 f t  ( 3 0 . 4 8 - c m )  
r e a c t o r  w i t h  1 .0 -m m  p a c k i n g .  Runs  7 t o  12 w e r e  p r o d u c e d  
w i t h  t h e  1 0 - f t  ( 3 0 4 . 8 - c m )  r e a c t o r  w i t h  3 .0 -m m  p a c k i n g .  Runs  
13  t o  18  r e s u l t e d  f r o m  t h e  1 0 - f t  ( 3 0 4 . 8 - c m )  r e a c t o r  w i t h  
3 .5 -m m  p a c k i n g .  The 1 0 - f t  r e a c t o r  was n o t  u s e d  w i t h  t h e
1 . 0 -mm p a c k i n g  d u e  t o  a  p r e s s u r e  d r o p  r e s t r i c t i o n .
The f l o w  r a t e s  u s e d  w e r e  i n  t h e  l a m i n a r  f l o w  r a n g e  f o r  
a l l  r u n s ,  b o t h  i n  t h e  r e c y c l e  l i n e  a n d  r e a c t o r .
S o d i u m  h y d r o x i d e  c o n c e n t r a t i o n  u p s e t s  a r e  show n  i n  
F i g u r e s  2 ,  3 ,  8 , 9 ,  1 4 ,  a n d  1 5 .  I n  e a c h  c a s e  t h e  i n i t i a l  
s t e a d y  s t a t e  was  c o n s t a n t  f o r  t h e  f i r s t  r e s i d e n c e  t i m e .  The 
s o d i u m  h y d r o x i d e  o u t l e t  c o n c e n t r a t i o n  i n c r e a s e s  ( F i g u r e s  2 ,
8 , a n d  1 4 )  t o  t h e  new p s e u d o  s t e a d y  s t a t e  f o r  t h e  s e c o n d  
r e s i d e n c e  t i m e  o f  t h e  r e a c t o r .  S i n c e  t h e  o u t l e t  c o n c e n t r a ­
t i o n  o f  A a n d  B a t  t h e  s e c o n d  r e s i d e n c e  w e r e  f e d  b a c k  
t h r o u g h  t h e  r e c y c l e  l i n e  t o  b e  m i x e d  w i t h  t h e  f r e s h  f e e d ,  
a n o t h e r  c o n c e n t r a t i o n  u p s e t  i s  p r o d u c e d  a t  t h e  i n l e t  o f  t h e  
m a i n  r e a c t o r .  T h e s e  s t e p  i n c r e a s e s  c o n t i n u e  a f t e r  e a c h  
r e s i d e n c e  t i m e  a n d  t h e  m a g n i t u d e  o f  t h e  c h a n g e  d e c r e a s e s  
w i t h  e a c h  r e s i d e n c e  t i m e  d u e  t o  t h e  m i x i n g  o f  f r e s h  f e e d  
a n d  r e c y c l e  l i n e  e f f l u e n t .  The  " s m e a r i n g ” o f  t h e  s t e p  c h a n g e  
o c c u r r e d  b e c a u s e  o f  t h e  l a m i n a r  p r o f i l e  i n  t h e  r e a c t o r ,
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l a m i n a r  p r o f i l e  i n  r e c y c l e  l i n e  p l u s  i n f l u e n c e  o f  t h e  p a c k ­
i n g .  A l s o ,  e a c h  r e s i d e n c e  t i m e  i s  i n c r e a s e d  a  s m a l l  am o u n t  
b e c a u s e  o f  t h e  t r a n s p o r t a t i o n  l a g  i n  t h e  r e c y c l e  l i n e .
I n  F i g u r e s  3 ,  9 ,  a n d  15 t h e  s o d i u m  h y d r o x i d e  c o n c e n ­
t r a t i o n  d e c r e a s e s  du e  t o  t h e  c o n c e n t r a t i o n  u p s e t  b e i n g  a  
d e c r e a s e  i n  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n .  A g a i n ,  t h e  
a x i a l  d i s p e r s i o n  e f f e c t s  c a u s e d  by  t h e  c o m b i n a t i o n  o f  l a m ­
i n a r  f l o w  a n d  p a c k i n g  c a u s e  " s m e a r i n g ” o f  t h e  s t e p  c h a n g e s .
The l a g  b e t w e e n  t h e  e x p e r i m e n t a l  c u r v e s  o f  F i g u r e s  8 , 9 ,  1 4 ,  
a n d  t h e  t h e o r e t i c a l  c u r v e s  i s  p a r t i a l l y  due  t o  t h e  l a g  
c r e a t e d  by e x p e r i m e n t a l l y  c h a n g i n g  t h e  c o n c e n t r a t i o n  o f  
s o d i u m  h y d r o x i d e .
More i n t e r e s t i n g  c u r v e s  r e s u l t  f r o m  t h e  r e s p o n s e  o f  
t h e  s y s t e m  t o  s i n g l e - f l o w  u p s e t s .  When a  f l o w  u p s e t  o c c u r s ,  
r e s u l t s  a r e  s i m u l t a n e o u s  u p s e t s  i n  i n l e t  c o n c e n t r a t i o n s  a n d  
r e s i d e n c e  t i m e .  The  r e s p o n s e  c u r v e s  i n  F i g u r e s  6 , 7 ,  1 2 ,
1 3 , 1 8 , a n d  19  a r e  due  t o  m e t h y l  a c e t a t e  f l o w  u p s e t s  a n d  
F i g u r e s  4 ,  5 ,  1 0 ,  1 1 ,  1 6 ,  a n d  17 a r e  t h e  r e s u l t  o f  s o d i u m  
h y d r o x i d e  f l o w  u p s e t s .
F i g u r e s  12 a n d  19 show  t h e  r e s p o n s e  c u r v e  t o  m e t h y l  
a c e t a t e  f l o w  d e c r e a s e .  When t h e  f l o w  r a t e  i s  d e c r e a s e d ,  t h e  
r e s i d e n c e  t i m e  o f  t h e  f l u i d  e l e m e n t s  i n  t h e  r e a c t o r  d e c r e a s e s .  
The  d e c r e a s e  i n  r e s i d e n c e  t i m e  p r o d u c e s  an  i n c r e a s e  i n  t h e  
r e a c t i o n  t i m e  c a u s i n g  t h e  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n  t o  
d e c r e a s e  d u r i n g  t h e  i n i t i a l  r e s i d e n c e  t i m e .  The f l o w  r a t e  
d e c r e a s e  c a u s e s  an  i n c r e a s e  i n  t h e  i n l e t  s o d i u m  h y d r o x i d e
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c o n c e n t r a t i o n  a n d  d e c r e a s e  i n  m e t h y l  a c e t a t e  c o n c e n t r a t i o n .  
The r e s u l t  i s  a  n o t i c e a b l e  i n c r e a s e  i n  t h e  o u t l e t  s o d i u m  
h y d r o x i d e  a f t e r  t h e  f i r s t  r e s i d e n c e  t i m e  t o  a  p s e u d o  s t e a d y  
s t a t e .  Then  d u e  t o  t h e  new c o n d i t i o n s  e s t a b l i s h e d  a t  t h e  
i n l e t  by  t h e  r e c y c l e  l i n e  f e e d  a n d ' f r e s h  f e e d  a  s e c o n d  s t e p  
c h a n g e  o c c u r s  t o  a n o t h e r  p s e u d o  s t e a d y  s t a t e .  T h i s  e f f e c t  
c o n t i n u e s  u n t i l  i t  i s  e v e n t u a l l y  d a m p en e d  o u t  by s e v e r a l  
r e s i d e n c e  t i m e s .
F i g u r e s  13  a n d  18 a r e  t h e  r e v e r s e  u p s e t  o f  t h e  a b o v e  
d i s c u s s i o n ,  t h a t  i s  a n  i n c r e a s e  i n  m e t h y l  a c e t a t e  f l o w .
T h u s  r e s u l t s  i n  a n  o v e r a l l  r e s i d e n c e  t i m e  d e c r e a s e  p l u s  a 
c o n c e n t r a t i o n  i n c r e a s e  o f  m e t h y l  a c e t a t e  a n d  d e c r e a s e  o f  
s o d i u m  h y d r o x i d e .  C o u p l i n g  e f f e c t s  p r o d u c e  a  r e a c t o r  
e f f l u e n t  d e c r e a s e  o f  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n ,  a s  s e e n  
i n  F i g u r e s  1 3  a n d  1 8 .
S o d i u m  h y d r o x i d e  f l o w  u p s e t s  w e re  made a n d  t h e  r e s u l t s  
a r e  shown i n  F i g u r e s  4 ,  5 ,  1 0 ,  1 1 ,  1 6 ,  a n d  1 7 .  The  r e s u l t s  
o f  a n  i n c r e a s e d  r e s i d e n c e  t i m e ,  s o d i u m  h y d r o x i d e  c o n c e n t r a ­
t i o n  d e c r e a s e ,  a n d  m e t h y l  a c e t a t e  c o n c e n t r a t i o n  i n c r e a s e  
a r e  shown i n  F i g u r e s  10 a n d  16  d u e  t o  a  d e c r e a s e  i n  s o d i u m  
h y d r o x i d e  f l o w  r a t e .  The  r e v e r s e  s i t u a t i o n  c a n  b e  s e e n  i n  
F i g u r e s  11  a n d  17 w h e r e  t h e  s o d i u m  h y d r o x i d e  f l o w  r a t e  was 
i n c r e a s e d .  The m a j o r  f a c t o r s  t h a t  a f f e c t  t h e  s h a p e  o f  t h e  
r e s p o n s e  c u r v e s  a r e  t h e  c h a n g e  i n  r e s i d e n c e  t i m e  a n d  t h e  
c h a n g e s  i n  c o n c e n t r a t i o n  o f  t h e  r e a c t a n t s  a t  t h e  i n l e t  o f  
t h e  r e a c t o r .
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F i g u r e s  2 t h r o u g h  7 a r e  f o r  t h e  1 f t  r e a c t o r  w i t h  1 . 0  
mm p a c k i n g .  The r e s i d e n c e  t i m e  o f  t h e  r e a c t o r  was t o o  s m a l l  
t o  show t h e  e f f e c t s  o f  t h e  f e e d b a c k  s y s t e m .  H o w e v e r ,  t h e  
r e s u l t s  show t h a t  t h e  m o d e l  w i l l  p r e d i c t  t h e  o u t p u t  r e s p o n s e  
o f  t h e  s y s t e m .
The  p u r p o s e  o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  e f f e c t s  
o f  p a c k i n g  on  t h e  s y s t e m .  M c K i n s t r y  ( 2 )  c o n t i n u e d  t h e  w o r k  
d o n e  by  Ramaswamy w h i c h  c o v e r e d  t h e  a r e a  o f  t h e  t r a n s i e n t  
r e s p o n s e  o f  an  u n p a c k e d  t u b u l a r  r e a c t o r  w i t h  r e c y c l e .  
M c K i n s t r y  o p e r a t e d  t h e  r e a c t o r  s y s t e m  i n  t h e  t u r b u l e n t  f l o w  
r e g i m e ,  Re > 3 0 0 0 .  The n u m e r i c a l  m o d e l  u s e d  by  M c K i n s t r y  
was  a d j u s t e d  t o  c o m p e n s a t e  f o r  t h e  d i s p e r s i o n  e f f e c t s  when 
t h e  f l o w  r e g i m e  was n e a r  a  p l u g - f l o w  s i t u a t i o n  by u s i n g  t h e  
e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  o b t a i n e d  f r o m  t h e  c o r r e l a ­
t i o n  d e v e l o p e d  by L e v e n s p i e l .  T h i s  c o r r e l a t i o n  h a s  l i m i t a ­
t i o n s  a s  r e p o r t e d  by  B i s c h o f f  a n d  L e v e n s p i e l  ( 2 5 )  w h i c h  
i n c l u d e s  t u b e  t o  p a r t i c l e  d i a m e t e r  r a t i o  a n d  r e a c t o r  l e n g t h  
t o  d i a m e t e r  r a t i o  w h i c h  h a v e  c e r t a i n  r a n g e s  n e c e s s a r y  t o  
i n s u r e  v a l i d i t y  o f  t h e  c o r r e l a t i o n s .  The t u b e  t o  p a r t i c l e  
d i a m e t e r  r a t i o  a n d  r e a c t o r  l e n g t h  t o  d i a m e t e r  r a t i o  w e r e  
b o t h  o u t s i d e  t h e  c o r r e l a t i o n  l i m i t s  i n  t h i s  s t u d y .
The  n u m b e r  o f  c e l l s  u s e d  t o  p r e d i c t  t h e  t r a n s i e n t  
r e s p o n s e  p l u s  t h e  s h a p e  o f  t h e  r e s p o n s e  c u r v e  i n d i c a t e s  t h a t  
t h e  r e a c t o r  h a s  d e v i a t e d  f r o m  p l u g  f l o w .  The d e v i a t i o n  i s  
m a i n l y  due  t o  t h e  l o n g i t u d i n a l  d i f f u s i o n  c r e a t e d  by t h e
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c o u p l e d  e f f e c t  o f  l a m i n a r  f l o w  a n d  t h e  i n f l u e n c e  o f  t h e  p a c k ­
i n g  p l u s  r a d i a l  d i f f u s i o n  c r e a t e d  by t h e  p a c k i n g .  The r a d i a l  
d i f f u s i o n  c o e f f i c i e n t  i s  u s u a l l y  many t i m e s  l e s s  t h a n  t h e  
l o n g i t u d i n a l  d i f f u s i o n  c o e f f i c i e n t .  H o w e v e r ,  t h e  r a d i a l  
d i s t a n c e  i s  l e s s  t h a n  t h e  l o n g i t u d i n a l  d i s t a n c e .
D e n b i g h  ( 9 )  s t a t e s  t h a t  t h e  d e v i a t i o n  f r o m  t h e  f l a t  
v e l o c i t y  p r o f i l e  a s s u m e d  i n  p l u g  f l o w  w o u l d  n o t  be  m ore  t h a n  
•;2 0 % i f  t h e  t u b e  d i a m e t e r  i s  t h i r t y  o r  more  t i m e s  t h e  p a r t i c l e  
d i a m e t e r .  I n  t h i s  s t u d y  t h e  t u b e  d i a m e t e r  was a p p r o x i m a t e l y  
e i g h t  t i m e s  t h e  p a r t i c l e  d i a m e t e r  w i t h  t h e  s m a l l e s t  p a c k i n g  
( 1 . 0  mm).
S c h w a r t z  a n d  S m i t h  ( 2 0 )  r e p o r t  t h a t  f o r  a  t u b e  d i a m e t e r  
t o  p a r t i c l e  d i a m e t e r  r a t i o  o f  l e s s  t h a n  30 v e l o c i t y  a c r o s s  
t h e  d i a m e t e r  o f  a  p a c k e d  b e d  i s  n o t  u n i f o r m  a n d  a  p e a k  
v e l o c i t y  r a n g i n g  f r o m  30  t o  1 0 0 $ g r e a t e r  t h a n  t h e  v e l o c i t y  
a t  t h e  c e n t e r  o f  t h e  t u b e  o c c u r s .  T h e r e f o r e ,  by u s i n g  a  
n u m b e r  o f  c e l l s  w h i c h  i s  l e s s  t h a n  t h e  n u m b e r  r e q u i r e d  t o  
r e p r e s e n t  p l u g  f l o w  t h e  m o d e l  c a n  p r e d i c t  t h e  r e s u l t s  
a c h i e v e d  f r o m  t h e  e x p e r i m e n t a l  s t u d y .
The  l a m i n a r  p r o f i l e  was n o t  f l a t t e n e d  t o  a  u n i f o r m  p r o ­
f i l e  a s  a s s u m e d  i n  p l u g  f l o w  by  t h e  p a c k i n g .  The l a m i n a r  
p r o f i l e  a p p e a r s  t o  h a v e  p o s s i b l y  b e e n  l e n g t h e n e d  by  t h e  
p a c k e d  r e a c t o r  s y s t e m .
The l a g  b e t w e e n  t h e  n u m e r i c a l  m o d e l  a n d  e x p e r i m e n t a l  d a t a  
i s  m a i n l y  c a u s e d  by  tw o  f a c t o r s .  The  f i r s t  f a c t o r  i s  a  l a g
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c r e a t e d  by e x p e r i m e n t a l l y  c h a n g i n g  c o n d i t i o n s  a n d  o t h e r  
f a c t o r  i s  r a d i a l  d i f f u s i o n  e f f e c t s  w h i c h  t h e  n u m e r i c a l  m o d e l  
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CO CO CT\ CTv CTv CTV CO OO O  O
VO VO CO OO OO CO VO VO rH rH
1—I 1—I OJ OJ OJ OJ 1—I 1—I 1—I 1—I
I—I I—I I—I I—I I—I I—I I I I—1 I—I I—I
• • • • • • • •  0 •
CT\ CTV rH rH CTV 1—I CTV CTV t— L—  
LTV LfV CTV CTV LTV CO LTV LTV O  O  
OO CO 1—| 1—| CO (—| OO OO OJ OJ 
C V J C V J H H O J H O J C V J H H
O O O O O O O O O O  
LTV LTV LTV LTV LTV LTV LTV LfV LTV LTV 
O O O O O O O O O O  
• • • • • • « •  • •
O O O O O O O O O O  
LTV LfV LTV 1—I LTV LT\ LTV LTV rH LTV 
O O O O O O O O O O  
•  • • • • • « • • •
LTV O O O O O O  LTV O  O  
CVl LTV LTV LTV LfV LTV LTV C\l LfV LTV 
O O O O O O O O O O
OO OO CTV CTV CTV CTV OO <30 0 0
VO VO CO OO OO CO VO VO rH rH
1—I 1—I OJ OJ OJ OJ rH 1—I 1—I 1—I
1—I 1—I 1—1 1—I 1—I 1—I 1—I 1—I 1—I 1—I
• • • • • • • • • •
CTV t — C-— t— OV CTV 1—I CTV CTV CTV rH rH H  CTV OV CTV t t 
1—I o - = r  ^3- -=r O  O  CO LTV LTV Ln CTV CTV OO LTV LTV LTV o  o
<  aj-=r^j--=J-ojojrHcnpn(-nr- | r_ | rHcncnroc\]oj 
O  c—I OJ OJ OJ 1—I 1—| 1—I OJ OJ OJ 1—I 1—I 1—I OJ OJ OJ 1—I 1—I
CT H  OJ 0 0 ^3" LTV VO t— OO CTV O  H  OJ CO-=3" LfV VO C— OO 
Cd H H r l H H H H H H
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. F i g u r e  2 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  
i n  s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h
1 .0 -m m  p a c k i n g  (Run 1 ) .
o E x p e r i m e n t a l  d a t a











T i m e ,  m i n .
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F i g u r e  3» T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  
i n  s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h
1 .0 - m m  p a c k i n g  (Run 2 ) .
o E x p e r i m e n t a l  d a t a
N u m e r i c a l  m o d e l  w i t h  e l e c t r o d e  l a g
1 2  3
T i m e ,  m l n .
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• F i g u r e  4 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  1 . 0-mm 
p a c k i n g  (Run 3 ) .
o E x p e r i m e n t a l  d a t a
________  N u m e r i c a l  m odel  w i t h  e l e c t r o d e  l a g
T i m e , m i n .
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“F i g u r e  5 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  1 . 0 -mm 
p a c k i n g  (Run 4 ) .
o E x p e r i m e n t a l  d a t a
N u m e r i c a l  m odel  w i t h  e l e c t r o d e  l a g
T i m e ,  m i n .
T 1372 36
F i g u r e  6 . T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  1 . 0 -mm p a c k ­
i n g  (Run  5 ) .
o E x p e r i m e n t a l  d a t a















T i m e , m i n .
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F i g u r e  7 . T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  1 .0 - m m  p a c k ­
i n g  (Run 6 ) .
o E x p e r i m e n t a l  d a t a


















T 13 7 2 40
• F i g u r e  8 ,  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  
i n  s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  
3*0-mm p a c k i n g  (Run 7)*
o E x p e r i m e n t a l  d a t a
________  N u m e r i c a l  m od el  w i t h  e l e c t r o d e  l a g
mi n .
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F i g u r e  9« T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  i n  
s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  3 . 0 -  
mm p a c k i n g  (Run 8 ) .
o E x p e r i m e n t a l  d a t a















1 2  3
T im e ,  m in .
4
T 1372
F i g u r e  1 0 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  3 .0 -m m  
p a c k i n g  (Run  9 ) .
o E x p e r i m e n t a l  d a t a











T im e ,  m in .
T 1 3 7 2
F i g u r e  1 1 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  3 .0 -m m  
p a c k i n g  (Run 1 0 ) .
o E x p e r i m e n t a l  d a t a















T im e , m i n .
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F i g u r e  1 2 ,  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  3*0-mm p a c k ­
i n g  (Run 1 1 ) .
o E x p e r i m e n t a l  d a t a


















1 2  3 4 5
Time, min.
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“F i g u r e  1 3 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  3 .0 -m m  p a c k ­
i n g  (Hun 1 2 ) .
o E x p e r i m e n t a l  d a t a










1 2 3 5
T im e ,  min .
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F i g u r e  1 4 e T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  
i n  s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  
3 .5 -m m  p a c k i n g  (Run 1 3 ) .
o E x p e r i m e n t a l  d a t a

















T im e ,  min .
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F i g u r e  1 5 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  c o n c e n t r a t i o n  u p s e t  
i n  s o d i u m  h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  
3.5~mni p a c k i n g  (Run 1 4 ) .
o E x p e r i m e n t a l  d a t a














1 2  3 4 5
T im e , m i n .
T 1372 56
F i g u r e  1 6 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  3 .5 -m m  
p a c k i n g  (Run 1 5 ) .
o E x p e r i m e n t a l  d a t a
















1  2  3  ■ 4  5
T im e ,  min .
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F i g u r e  1 7 . T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  s o d i u m  
h y d r o x i d e  f o r  r e c y c l e  r e a c t o r  w i t h  3 . 5 -nun 
p a c k i n g  (Run  1 6 ) .
o E x p e r i m e n t a l  D a t a















1 2  3 4
T im e ,  m in .
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F i g u r e  1 8 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  3.5-Jnm p a c k ­
i n g  (Run 1 7 ) .
o E x p e r i m e n t a l  d a t a











T im e , m in .
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F i g u r e  1 9 .  T r a n s i e n t  r e s p o n s e  o f  o u t l e t  s o d i u m  h y d r o x i d e  
c o n c e n t r a t i o n  t o  s i n g l e  f l o w  u p s e t  i n  m e t h y l  
a c e t a t e  f o r  r e c y c l e  r e a c t o r  w i t h  3 .5 -m m  p a c k ­
i n g  (Run 1 8 ) .
o E x p e r i m e n t a l  d a t a
















The  n u m e r i c a l  m o d e l  u s e d  p r e d i c t s  r e a s o n a b l y  g o o d  s o l u ­
t i o n s  t o  s i m u l a t e  t h e  r e s p o n s e  o f  t h e  s y s t e m .
The s y s t e m  d e v i a t e d  f r o m  a  p l u g  f l o w  m o d e l ;  h o w e v e r  by 
r e d u c i n g  t h e  n u m b e r  o f  c e l l s  u s e d  i n  t h e  m o d e l  t h e  n u m e r i c a l  
s o l u t i o n  i s  i n  g oo d  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  
The  d e v i a t i o n  f r o m  p l u g  f l o w  r e s u l t e d  f r o m  t h e  l a m i n a r  p l u g  
f l o w  r e g i m e  c o u p l e d  w i t h  t h e  p a c k i n g  e f f e c t s .  The  d e v i a ­
t i o n s  w h i c h  o c c u r  b e t w e e n  t h e  m a t h e m a t i c a l  m o d e l  a n d  e x p e r i ­
m e n t a l  d a t a  c a n  b e  p a r t i a l l y  e x p l a i n e d  by  r a d i a l  d i s p e r s i o n  
a n d  t h e  e x p e r i m e n t a l  m e t h o d s  u s e d  t o  c h a n g e  c o n d i t i o n s .
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APPENDIX I
E x p e r i m e n t a l  D a t a  ( T r a n s i e n t  R e s p o n s e )
T 1372 66
-
l a D i e  j .
( 1 . 0 - m m  p a c k i n g )
Run 1 Run 2
CA1- . 1 2 0 9 Ca f - . 2 4 4 7 c Al “ . 2 4 4 7 ^ A F " • F2 89
c 3 1 ~ . 120 5 Cb f - . 1 2 0 5 CB1- . 1 2 0 5 CBF~*
f a o - - 0 ^ 0 F a 1 - . 0 4 0 f a o ~ *  Qi|0 f a 1 - . oho
F 3 0"*  0i4° FBi ~ . 0 4 0 Pb o - . o w Fb 1 . - . 0 4 0
F Q R E - ° 3 8 FQREF“ *°38 f q r e - ° 3 8 f q r e f - 1 038




0 . 0 4 8 2 0 . 0 0 . 1 0 3
0 . 1 0 . 0 5 4 4 0 . 1 0 . 0 9 2 7
0 • U
) 0 . 0 7 6 4 0 . 3 0 . 0 7 4 0
0 . 5 0 . 0 8 6 0 0 . 5 0 . 0 6 4 7
0 . 7 0 . 0 9 1 3 0 . 7 0 . 0 5 8 6
0 . 9 0 . 0 9 5 4 0 . 9 0 . 0 5 5 3
1 . 1 0 . 0 9 8 9 1 . 1 0 . 0 5 3 2
1 . 5 0 . 1 0 1 1 . 5 0 . 0 5 0 4
1 . 7 0 . 1 0 2 1 . 7 0 . 0 4 9 4
0
•
OJ 0 . 1 0 3 2 . 0 0 . 0 4 8 7
2 . 1 0 . 1 0  3 2 . 2 0 . 0 4 8 4
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T a b l e  I I
( 1 . 0 - mm p a c k i n g )
Run 3 Run 4
C ^ - .  2447 cAF- .  21447 CAi~ *2447 Ca f - . 2 4 4 7
C31- .1205 C3F- .1205 CB1- .120 5 Cbf- . ! 2 ° 5
f a o - - ° 2 5 FAi - . 040 f a o ~ - 01+0 FAi - . ° 2 5
F3 o- . ° 4 0 FB 1“ . 040 PB0~* 0i|0 Fb 1 - . 0 4 0
Ft- - - . 038
■cl j. '-Zj f q r e f ~ *  038 F QRE~*°38 FQ R E F - ° 3 8
Time ( m i n ) CA ( m o l e / l i t e r ) Time ( m i n ) CA( m o l e / l i ‘
0 . 0 0.0693 0 . 0 0.103
0 . 1 0.0693 0 . 1 0 .  102
0 . 2 0.0794
0.3 0 . 0 9 1 0 0.3 0.0919
0.5 0 . 0 9 6 0 0.5 0.0827
0.7 0 . 0 9 7 8 0.7 0.0793
0.9 0.0984 0.9 0 . 0 7 6 8
1 . 1 0 . 1 0 1 1 . 1 0.0745
1.3 0 . 1 0 1 . 1.3 0.0725
1.5 0 . 1 0 2 1.5 0 . 0 7 0 8
1.7 0 . 1 0 2 1 . 7 0.0703
1.9 0.103 1.9 0 . 0 7 0 1
2.3 0.103 2.3 0.0693
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T a b l e  I I I
Run
( 1 . 0 -mm
5
p a c k i n g )
Run 6
CA1- . 1 2 0 9 ^AF“ * 1209 CA1- . 1 2 0 9 Ca f - . 1 2 0 9
C3 1 - . 1 2 0 5 CBp~ . 1 2 0 5 Cb 1 - . 1 2  0 5 Cb f - . 1 2 ° 5
P AO- . O J | 0 Fa 1 - . 0 4 0 - f a o - 0 4 0 F A 1 - . 0 4 0
P3 0 - , 0 1 ° P B i - ° 4 ° F b 0 - . ° 4 0 FB1- . 0 1 0
p Q R E - - ° 3 8 P Q R E F - 0 3 8 F QRE- ' ° 3 8 f q r e f ~ * ° 38
Time ( m i n ) CA ( m o l e s / l i t e r )  Time ( m i n ) CA ( m o l e s / l i t e r )
0 . 0 0 . 0 8 6 5
O
•
O 0 . 0 4 7 8
0 . 1 0 . 0 8 6 5 0 . 1 0 . 0 4 7 3
0 . 3 0 . 0 6 8 5 0 . 2 0 . 0 4 4 8
0 . 5 0 . 0 6 4 1 0 . 3 0 . 0 5 5 6
0 . 7 0 . 0 5 9 7 0 . 5 0 . 0 6 3 3
0 . 9 0 . 0 5 6 0 0 . 9 0 . 0 7 2 5
1 . 1 0 . 0 5 3 2 1 . 1 0 . 0 7 6 0
1 . 3 0 . 0 5 1 7 1 . 3 0 . 0 7 8 5
1 . 5 0 . 0 5 0 2 1 . 5 0 . 0 8 1 4
1 . 7 0 . 0 4 9 2 1 . 7 0 . 0 8 2 9
2 . 0 0 . 0 4 8 7 2 . 0 0 . 0 8 4 8
2 . 3 0 . 0 4 7 8 2 . 3 0 . 0 8 6 5
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T a b l e  IV
( 3 . 0 -mm p a c k i n g )
Run 7 Run 8
CA1-.ll8l Ca f - . 2 3 5 9 c A i “ •2 359 CAF- . l l 8 l
Cb 1 - . 1 2 8 9 CBF~*1 2 ^9 CB1- . 1 2 8 9 Cb f - . 1 2 8 9
Fa o - . ° 5 0 FA1 - . 0 5 0 FAo - . 0 5 0 FAi - . ° 5 0
p B 0 - - ° 5 0 F Bi - . ° 5 ° FB0“ * ° 5 ° FB2- . 0 5 0
*f q r e "“, 0 5 ° f q r e f " - 0 5 0 FQRE’‘ e 0 5 ° f q r e f _ , 0 5 °
Time ( m i n ) CA ( m o l e s / l i t e r ) Time ( m i n ) CA ( m o l e s / l i t ^
00
0 . 0 2 1 9 0 . 0 0 . 0 6 4 4
° . 5 0 . 0 2 5 1 0 . 5 0 . 0 5 8 5
0 . 7 0 . 0 3 9 9 0 . 7 0 . 0 4 1 4
0 . 9 0 . 0 4 6 8 0 . 9 0 . 0 3 4 9
1 . 2 0 . 0 5 0 0 1 . 2 0 . 0 3 2 7
1 . 3 0 . 0 5 0 3 1 . 3 0 . 0 3 1 9
1 . 6 0 . 0 5 1 2 1 . 6 0 . 0 3 1 8
H C
D 0 . 0 5 1 5 1 . 8 0 . 0 3 0 7
2 . 0 0 . 0 5 3 0 2 . 0 0 . 0 2 8 9
2 . 2 0 . 0 5 5 5 2 . 2 / 0 . 0 2 6 9
2 . 5 0 . 0 5 8 9 2 . 7 0 . 0 2 3 7




J 0 . 0 5 9 8 2 . 9 0 . 0 2 3 1
2 . 9 0 . 0 6 0 1 3 . 1 0 . 0 2 2 9
3 . 1 0 . 0 6 0 7 3 . 3 0 . 0 2 2 8
3 . 3 0 . 0 6 l 4 3 . 5 0 . 0 2 2 7
3 . 5 O.O616 3 . 7 0 . 0 2 2 4
3 . 7 0 . 0 6 1 9 4 . 0 0 . 0 2 2 0
4 . 0 0 . 0 6 3 4
T 1372 70
T a b l e  V 
( 3 . O-mrn p a c k i n g )
Run 9
CAi - . 2 3 5 9 Ca f - . 2 3 5 9
CB1 - . l l 68 Cb f - . 1 1 6 8
f A 0 - ° 5 ° FA i - . 0 2 5
f B 0 ~ - ° 5 0 PB1~* ° 5 °
f q r e ~ *  0 5 0 F QREF“ , 0 5 °




0 . 0 7 0 5
0 . 2 0 . 0 7 0 3
0 . 4 0 . 0 6 9 5
* 0 . 7 0 . 0 6 7 5
0 . 8 0 . 0 5 1 7
1 . 0 0 . 0 4 2 9
1 . 2 0 . 0 4 2 1
1 . 4 0 . 0 4 2 1
1 . 5 0 . 0 4 1 1
1 . 6 0 . 0 3 9 1
1 . 8 0 . 0 3 4 7
2 . 0 0 . 0 3 2 7
2 . 3 0 . 0 3 1 5
2 . 5 0 . 0 3 0 8
3 . 0 0 . 0 2 8 2
3 . 3 0 . 0 2 7 4
3 . 5 0 . 0 2 7 0
3 . 7 0 . 0 2 6 6
4 . 0 0 . 0 2 5 2
4 . 3 0 . 0 2 5 0
Run 10
CA i “ • 2 359 CAF~ * 2 3 5 9
c B 1 ~ . 1 1 6 8 CBF- . l l 68
FA0“ * 0 2 5 F A i - . ° 5 °
f b o - * ° 5 ° FB i - . ° 5 0
F Q R E - ° 5 ° f q r e f - ° 5 0




0 . 0 2 4 0
0 . 1 0 . 0 2 4 0
0 . 4 0 . 0 2 4 8
0 . 6 0 . 0 2 5 2
0 . 7 0 . 0 3 7 4
0 . 8 0 . 0 4 8 5
0 . 9 0 . 0 5 1 9
1 . 1 0 . 0 5 3 2
1 . 4 0 . 0 5 4 1
1 . 6 0 . 0 5 7 6
1 . 8 0 . 0 6 2 2
2 . 0 0 . 0 6 3 2
2 . 3 0 . 0 6 4 0
2 . 5 0 . 0 6 5 2
*
CM 0 . 0 6 6 2
2 . 9 0 . 0 6 7 7
3 . 3 0 . 0 6 8 3
3 . 5 0 . 0 6 9 0
3 . 7 0 . 0 6 9 4
4 . 0 0 . 0 7 0 0
4 . 3 0 . 0 7 0 5
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T a b l e  VI
( 3 . 0 -mm p a c k i n g )
Run 11 Run 12
CA1- . 1 1 9 1 Ca f - . 1 1 9 1 CA l - ‘ 1 1 9 1 Ca f - . 1 1 9 1
Cb 1 - . 1 2 8 9 Cb f - . 1 2 8 9 CB1~ . 1 2 8 9 CBp- . 1 2  89
Fa o - - ° 5 0 Fa 1 - . 0 5 0 F a o - .QSO f Ai - . ° 5 o
f b o “ - 050 f b i - . 010 f b o ~* 010 FB l “ - ° 5 °
F Q H E - ° 5 ° f q r e f - - ° 5 ° F QREF~ * f q r e f - 050
Time ( m i n ) CA( m o l e s / 1 i t e r ) Time ( m i n ) CA( m o l e s / 1 i t e r )
0 . 0 0 . 0 2 3 6 0 . 0 0 . 0 7 9 5
0 . 6 0 . 0 2 1 9 0 . 4 0 . 0 8 0 2
0 . 7 0 . 0 2 1 7 0 . 6 0 . 0 8 0 6
0 . 8 0 . 0 2 4 0 0 . 8 0 . 0 5 2 1
' 1 . 1 0 . 0 4 2 8 1 . 0 0 . 0 4 2 8
1 . 2 0 . 0 4 3 8 1 . 1 0 . 0 4 1 6
1 . 4 0 . 0 4 3 9 1 . 2 0 . 0 4 1 1
1 . 5 0 . 0 4 3 9 1 . 4 0 . 0 4 1 1
1 . 6 0 . 0 4 6 0 1 . 5 0 . 0 3 8 0
1 . 8 0 . 0 5 3 1 1 . 8 0 . 0 3 2 0
2 . 0 0 . 0 5 7 9 1 . 9 0 . 0 3 0 8
2 . 2 0 . 0 5 9 9 2 . 0 0 . 0 3 0 4
2 . 3 0 . 0 6 0 4 2 . 1 0 . 0 2 9 8
2 . 4 0 . 0 6 1 6 2 . 3 0 . 0 2 8 6
2 . 6 0 . 0 6 4 1 2 . 5 0 . 0 2 7 3
2 . 7 0 . 0 6 5 9 2 . 7 0 . 0 2 6 5
2 . 8 0 . 0 6 7 7 2 . 8 0 . 0 2 6 1
3 . 0 0 . 0 6 9 3 2 . 9 0 . 0 2 6 1
3 . 5 0 . 0 7 2 4 3 . 0 0 . 0 2 5 6
3 . 8 0 . 0 7 4 3 3 . 5 0 . 0 2 4 6
4 . 0 0 . 0 7 5 4 4 . 0 0 . 0 2 4 3
4 . 2 0 . 0 7 5 8 4 . 4 0 . 0 2 4 0
4 . 5 0 . 0 7 1 6 4 . 7 0 . 0 2 3 8
4 . 7 0 . 0 7 7 6 5 . 0 0 . 0 2 3 6
5 . 0  0 . 0 7 8 5
5 . 5  0 . 0 7 9 5
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Run
T a b l e  V I I  
( 3 . 5 - m m  p a c k i n g )
13  Run 14
CA1 - . l l 8 l C A F “ * 2 359 c A i “ • 2 359 ca f - • n  81
Cb 1 - . 1 2 8 9 c BF- . i 2 8 9 CB1- . 1 2 8 9 Cb f - . 1 2 8 9
FA0 - - ° 5 0 f A 0 - - ° 5 0 f ao- 050 f a i ~ *  05 0
f b o " - 050 f b o - 050 f B0“ - ° 5 0 FB 1 - 050
FQRE” ' ° 5 ° f q r e f “ *050 f q r e “ * 0 5 0 f q r e f - - ° 5 0
Time ( m i n ) CA( m o l e s / 1 i t e r ) Time ( m i n ) C ^ ( m o l e s / l i t e r )




0 . 0 6 6 0
0 . 5 0 . 0 2 2 6 0 . 5 0 . 0 6 3 5
0 . 6 0 . 0 2 5 5 0 . 7 0 . 0 4 9 6
0 . 8 0 . 0 3 8 3 0 . 9 0 . 0 3 8 2 5
0
•
1—1 0 . 0 4 4 8 1 . 0 0 . 0 3 6 2
1 . 1 0 . 0 4 6 7 1 . 1 0 . 0 3 5 2
1 . 2 0 . 0 4 6 9 1 . 2 0 . 0 3 5 0
1 . 4 0 . 0 4 9 0 1 . 3 0 . 0 3 4 4
1 . 7 0 . 0 5 4 3 1 . 4 0 . 0 3 3 7
0•OJ 0 . 0 5 7 7 1 . 5 0 . 0 3 2 2
2 . 1 0 . 0 5 8 3
O
O•
t—1 0 . 0 2 8 1
2 . 2 0 . 0 5 8 4 1 . 9 0 . 0 2 7 5
2 . 3 0 . 0 5 9 5 2 . 0 0 . 0 2 6 9
2 . 4 0 . 0 6 0 0 2 . 2 0 . 0 2 6 1
2 . 5 0 . 0 6 0 4 2 . 5 0 . 0 2 5 1
2 . 7 0 . 0 6 1 7 r0
 
• 00 0 . 0 2 4 0
2 . 8 0 . 0 6 2 5 3 . 0 0 . 0 2 3 7
3 . 0 0 . 0 6 2 9 3 . 5 0 . 0 2 3 1
3 . 5 0 . 0 6 4 2 4 . 0 0 . 0 2 2 8
4 . 0 0 . 0 6 5 6 4 . 5 0 . 0 2 2 4
4 . 5 0 . 0 6 6  0 5 . 0 0 . 0 2 2 1
5 . 0 0 . 0 6 6 0
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T a b l e V I I I
( 3 . 5 - mm p a c k i n g )
Run 15 Run 16
CA1“ *2 3 5 9 Ca f - . 2 3 5 9 CAi - . 2 3 5 9 CAF- . 2 3 5 9
CB1 - . l l 68 Cb f - . 1 1 6 8 CB1 - . l l 68 CbF~ • 1 1 6 8
f ao“ *0 9 ° F a 1 - . ° 2 5 f A 0 - - ° 2 5 F A1- . 0 5 0
PB0“ * FBi - . ° 5 ° f B 0 - - ° 5 0 Fb 1 - . 0 5 0
f q r e " # 0 5 ° f q r e f - ° 5 0 FQ R E - ° 5 ° f q r e f ~ * 0 5 0
Time ( m i n ) C ^ ( m o l e s / l i t e r ) Time ( m i n ) C ^ ( m o l e s / l i t e r )
0 . 0 0 . 0 6 9 4 0 . 0 0 . 0 2 5 5
0 . 2 0 . 0 6 9 0 0 . 5 0 . 0 2 7 0
0 . 6 0 . 0 6 8 3 0 . 6 0 . 0 2 7 7
0 . 7 0 . 0 6 7 5 0 . 7 0 . 0 3 6 6
0 . 9 0 . 0 4 8 3 0 . 9 0 . 0 5 2 3
1 . 0 0 . 0 4 4 1 1 . 0 0 . 0 5 2 8 4
1 . 1 0 . 0 4 2 9 1 . 1 0 . 0 5 3 3
1 . 3 0 . 0 4 2 7 1 . 2 0 . 0 5 3 3
1 . 5 0 . 0 4 2 1 1 . 4 0 . 0 5 4 0
1 . 6 0 . 0 4 1 5 1 . 5 0 . 0 5 5 9
1 . 8 0 . 0 3 7 3 1 . 7 0 . 0 6 0 4
2 . 0 0 . 0 3 4 6 1 . 9 0 . 0 6 2 4
2 . 3 0 . 0 3 2 4 2 . 0 0 . 0 6 3 0
2 . 5 0 . 0 3 2 1 2 . 2 0 . 0 6 4 2
2 . 6 0 . 0 3 1 4 2 . 3 0 . 0 6 4 7
2 . 8 0 . 0 3 0 1 2 . 5 0 . 0 6 5 7
3 . 0 0 . 0 2 9 3 3 . 0 0 . 0 6 8 1
3 . 3 0 . 0 2 8 4 3 . 5 0 . 0 6 9 0
3 . 6 0 . 0 2 8 0 3 . 9 0 . 0 6 9 4
4 . 0 0 . 0 2 7 0
4 . 3 0 . 0 2 0 7
4 . 5 0 . 0 2 6 6
5 . 0 0 . 0 2 6 0
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T a b l e  IX 
( 3 . 5 - m m  p a c k i n g )
Run 17 Run 18
CA1- . 1 2 0 7 Ca f - . 1 2 0  7 CA1- . 1 2 0 7 Ca f - . 1 2 0 7
c B1- . m o c BF- . m o CB1 - . 1 1 1 0 c BF- . m o
f A 0 - ‘ ° 5 0 f A 1 - . ° 5 0 f a o - FA i - . ° 5 °
f b o “ * 010 F B 1 ~ # ° 5 ° f b o ~* ° ^ ° f b i “ * 010
F Q R E - ° 5 ° f q r e f " *  050 f Q R E - ° 5 0 FQ R E F - - ° 5 °
‘T i me  ( m i n ) CA( m o l e s / l i t e r ) Time ( mi n ) CA( m o l e s / l i t e r )
0•0 0 . 0 8 3 0 0 . 0 0 . 0 2 6 5
0 . 6 0 . 0 8 3 0 0 . 4 0 . 0 2 5 1
CO•
0
0 . 0 6 4 6 0 . 9 0 . 0 2 3 3
1 . 0 0 . 0 4 3 0 1 . 0 0 . 0 2 8 3
1 . 1 0 . 0 4 1 5 1 . 2 0 . 0 5 0 7
1 . 2 0 . 0 4 1 1 1 . 3 0 . 0 5 4 8
1 . 5 0 . 0 4 0 6 • VJI 0 . 0 5 6 1
1 . 8 0 . 0 3 7 2 1 . 6 0 . 0 5 6 2
2 . 0 0 . 0 3 3 6 1 . 8 0 . 0 5 6 2
2 . 2 0 . 0 3 2 0 2 . 0 0 . 0 5 7 3
2 . 4 0 . 0 3 0 8 2 . 2 0 . 0 5 9 2
2 . 6 0 . 0 3 0 0 2 . 5 0 . 0 6 5 4
2 . 8 0 . 0 2 9 5 2 . 9 0 . 0 7 0 7
3 . 0 0 . 0 2 8 9 3 . 0 0 . 0 7 1 4
3 . 6 0 . 0 2 7 7 3 . 1 0 . 0 7 1 6
4 . 0 0 . 0 2 7 2 3 . 2 0 . 0 7 1 9
4 . 3 0 . 0 2 6 8 3 . 5 0 . 0 7 3 9
4 . 5 0 . 0 2 6 8 4 . 0 0 . 0 7 6 8
5 . 0 0 . 0 2 6 6 4 . 3 0 . 0 7 8 0
5 . 5 0 . 0 2 6 5
0
•
LTV 0 . 0 8 0 0
5 . 5
6 . 0
0 . 0 8 1 3
0 . 0 8 1 9
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C o m p u t e r  P r o g r a m
N u m e r i c a l  S o l u t i o n  
t o  P a r t i a l  D i f f e r e n t i a l  E q u a t i o n  
f o r  R e c y c l e  R e a c t o r  
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NUMERICAL SOLUTION TO PARTIAL DIFFERENTIAL ECfUAT 10-v F O R  LOOP REACTOR 
TRANSIENT RESPONSE t o  FLOW anq c o n c e n t r a t i o n  u p s e t s  
REACTION in r e c y c l e  l i n e
XfcXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX^u:
DIMENSION c <100 ) 9 0 ( 1 0 0 )  , E ( 1 0 0 )  , F< 1 0 0 )  , B<5' 3)  , A ( 5 J )  , G ( 5 0 )  0 H< 5 0 )
1 READ8#R»Ca0#C80#FA0#FB0#QRE»AK#ADX 
I F ( R) 5 0 0 0 , 3#3
3 Re a d s , c a f , c b f , f a i , f 3 1 , qref
READ1 0 1 » N, m 
READ 6 iRO 
Read 4 , r * , rdx
2 FORMAT < 5 F 1 0 , 5 )
4 FORMAT( 2F10, 5 )
5 FORMAT < 5 F1 0 , 5 >
6 FORMAT < 1 F 1 0 , 5 )
8 format  <8f i 0 , 5 >
32 FORMAT ( 1 0 F 1 2 . 6 )
33 FORMAT( 2 9 H INITIAL STEADY STATE CQNC = , F 1 0 , 5 >
52 FORMAT(3X, 5H TIME, 3X#5H CQNC)
66 FORMAT( 2 7 H FINAL STEADY STATE CQNC = , F 1 0 , 5 )
67 FORMAT <2l H TRANSIENT CONDITIONS)
99 F0RMAT( F8t 5 # 2 F 1 2 , 5 >
101  F0RMAT( 2J3)
7 7 7  FORMAT <10X, 29H DATA RESULTS FOR R,  L,  OUNN >
866  F0RMAT(17H REACTOR RECYCLE )
877  F0RMAT( 3X#45H CAO C0Q FAO FBO FORE )
8 8 8  FORMAT(16h VOLUME VOLUME )
PRINT 777
AREAS R * R * 3 , 1 4 1 5
AREA1s RX* RX* 3 , 1 4 1 5ANsN
AM = M
VNs ADX*AREA/ 1000 , 0
Vs VN# RD/AN
VMs RDX* AREA1/ 1000 , 0
V1 s VM/ aM
PRINT fl66
PRINT 888






c a l c u l a t i o n  of the S T E A D Y  s t a t e  CONDITIONS
PRI NT2 , CAOi CC0, FA0 , FBO, 0RE
Q=FAO*FRO+QRE
AMO* <CBO*FQO-CAO*FaO) / ( FAO + FBO)
PRINT 6 1 AMO 
CAOsCAC*FaO/ (FAO+FBO>
CB0s CB0*PB0/ <FA0*F30>
C ( 1 ) *CaO«( FAO*FBO) / Q 
CL = 0 | 0  
C l s Q / ( a K * V )
C2 =QRE/ ( Ak*V1)
. .PRINT 4 # C J . C2 
B1sAMO*C1 
B2sAM0+C2  
PRINT 4 # B1# B2 
24 DO 28 1 = 2 , N
C ( I ) s « R l / 2 , 0 + S Q R T ( B l * B l * 4 , 0 * C <  I * l > * C l ) / 2 , 0
28 E < I ) = A M0 + C( I )
B ( 1  > = C ( N )
C ( 1 ) = E ( N )
00  31 1 = 2 , M
B( I ) s - B 2 / 2 , 0  + SQRT( B2»B2 + 4 l 0*B(  l ! - l ) * C 2 ) / 2 , 0  
31 G ( I } =AmO*8< I )
I F(  A B S ( C ( N ) - C L ) - 0 f 0 0 0 1 ) 2 9 ,  2 9 ,  30  
30 C ( 1 ) = C A 0 # (FA0-4-FB0) / Q!*’B(M)«-QRE/Q 
E ( l ) = C B O» f  FAO«-FB0>/Q + G(M)*QRE/ Q 
C L = C ( N)
GO TO 24
29 PRJNT 3 3 , C( N>
P RI NT 2 , CAF , CBF , F Al , F Bi , QRF F  
Q1=FA1^FBi +QREF
BMOs <CBF*FB1"CaF * F a1 > / ( F A l + F B l )
CAFs CAF«Fa i / ( F A 1 * F B D
CBF*CBF*Fb 1 / < F a1+FR1>
0 < 1 > = C a F * ( F A 1 + F 8 1 ) / Q1  
C L = 0 * 0 
C l = Q l / ( AK#V)
C2 = QREF/< AK#Vl )
Bl s BMO*Cl  
B2aBM0+C2  
44 DO 48 1 = 2 , N
48 D< I ) = « B l / 2 #0*SQRT( r3l *Bl  + 4,Cii»D( I *■ 1)  * C1)  /  2 , ?•
A < 1 > = D { N >
DO 41 I = 2 , M
41 A ( I > = - . R2 / 2 , 0  + SQRT<ti2«B2 + 4 ,  3* Ac I - l > * C 2 > / 2 , 0
1 F ( ABS( 0 ( N) -CL > - 2 , 3 0 0 1  ) 4 9 ,  49 , 50
50 D < i ) * C A F * < F A l + F B l } / Ql * A < h ) # Q R E F / Ql  
C L = D I N )
GO TO 44


















Ta i s VM/GREF
P RI N T 2 , Ta , TA1 , TB, TB1
D E l T l = l , 0 / ( Q l / V + A K * C ( 2 ) )
DEl T2 = i i 0 / ( Q 1 / V + A K * C < M )
DEl T3 m . ^ / ( Q l / V  + AKaDm+AKt f BMC)
0ELT4 = i f 63/ <Ql / V*AK»0(N' >*AK*BMO)
0ELT5 s i , 0 / ( 0 1 / v + AK* E< 2 ) )
' DEL T 6 s j , 0 / ( 0 1 / V + AK»E(Ni>>
D E L T 7 s i , 0 / ( Q l / V 4 A K * D ( P >  )
D E L T 8 s i , 0 / ( Q l / V + A K * D < N ) >
PR INI 8 i DELT1 , CELT2 , DEI T3 i DELT4 , de:l T5 , DELT6 #CELT7#0ELT8
DTs A^I Nl <DELTl , DE: LT2i 0ELT3, DE: LT4, 0ELT5, DELT6#neLT7, DE: LT8)
D E L T 9 s i l 0 / ( Q R E F / v i + A K # B ( 2 ) )
D E L T l 0 s l , 0 / ( D . R E F / V i  + AK*B<f'O )
DELTl l a l i 0 / ( QREF/ Vl * AK* A< 2 ) + AK* BMO)
 PELT12 = 1 , 0 / ( Q R E F / V 1  + Ak«AJ^)  + AK»BMO.> ________ _ _ _ ___________
DELT1 3 s i  . 0 / < OR F F / V l  + AK# G<2 ) )
D E L T 1 4 s l #0 / <QREF/ Vl * AK* G<M) >
D E L T 1 5 s l , Z / ( 0 R E F / V l * A K * A < 2 > )
OELT16s 1 , 0 / ( G R E F / V 1 + A k*A( M) )
PRINT 8 »DELT9#D E L T i 0 i D E L T l l #DEUTl 2 #DELT13l DEUTl 4 , OELTl 5 i DELTl 6
D T i * A Ml N l ( D E L T l l l DEUTl 2#DELT13#DELT14#DELTl 5 i DELTl 6 )
DTc AMI N1( DT, DT1)
P RI N T 4 , D T 
OT 2 = T A1 / 1 0 , 0  
DT=0 i 9»DT
I F ( D T - oT 2 ) 1 0 8 i 1 0 8 » 1 0 9  
1 0 9  DTs QT2 
1 0 8  PRINT 4#DT, DT2  
PRINT 52
c a l c u l a t i o n  of the t r a n s i e n t  r e s p o n s e  to the new s t e a d y  s t a t e  
T I M E s 3 , 0
P R I N T 9 9 * T I m E * C ( N )
C ( 1 ) = C aF * ( F A1 + FB1)  / Q l  + n( M) i t QREF/ Ql  
F ( 1 ) =CrF « ( F a 1 +Eb 1 ) / Q 1 ^ G ( M) « qRe F/ Q1
79 DO 80 1=2 ,K!
D ( I ) s C ( I ) # ( 1 , 0 - G 1 « Q T / V - A K * 9 T * £ ( I ) ) 4 . Q i # p T*c ( I - 1 ) / V
80 F< I ) =E(  I > * ( 1 , 0 - 3 1 * DT/ V- AK# o t * C ( I >>«-Gi * D T « E < I - 1 I / V  
DO 51 I = 2 , N
E( I )*F< n
81  c ( 1 ) =0 < I )
DO 103  1 = 2 , M
A( I ) =B(  I ) # ( 1 i 0-'QPEF<»CT/V1«*AK#DT#O( I ) ) + OREF*OT#o(  I - 1 )  /  V1 
1 0 3  H< I )sG( I ) M l , 3 - Q R E F * D T / V l - A K * D T * e U  > ) ♦ C R E F  *‘0 T *G C I -1 )  / V 1 
DO 1 0 2  1 = 2 , M
T 1372
80
B < I > * A ( P  
102  G ( p = H ( P  
8 ( 1 > s C ( N >
G ( 1 )  * E < 'N >
TETA=TFTA0*<1, 3 - 2 5 » 0 * DT) * DT» D< N> * 2 5 , 0  
t e t a o = teta 
I F( TI M£ - 9 , 0 ) 4 7 * 1 * 1  
47 ! F ( T I M E - 0 , 1 # K ) 4 6 , 5 3 , 5 3  
53 K=k+ 1
PRI NT9 9 » T i mE»0 ( N ) # TFT A 
46 Tl ME*T!rt t+DT
C<i >s CaF * ( F A 1 * F B 1 ) / V  
C< 1 ) = CaF«<FA: UFB1) / G1+B<M) #QREF/ Q1  
E<1)bc0F*(FA1+F81>/Q1+G(M)#QReF/O1  
GO TO 79 
5 0 0 0  STOP
end
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NOTATION
C ^ ( x , t )  C o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  i n  m a i n  r e a c t o r  
( f u n c t i o n  o f  x a n d  t ) ,  m o l e s / l i t e r
C g ( x , t )  C o n c e n t r a t i o n  o f  m e t h y l  a c e t a t e  i n  m a i n  r e a c t o r
( f u n c t i o n  o f  x a n d  t ) ,  m o l e s / l i t e r
C o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  a t  o u t l e t  o f '  
r e c y c l e  r e a c t o r ,  m o l e s / l i t e r
Cg C o n c e n t r a t i o n  o f  m e t h y l  a c e t a t e  a t  o u t l e t  o f
r e c y c l e  r e a c t o r ,  m o l e s / l i t e r
cA(i) C o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  a t  i ^ h  t a n k  o r
p o s i t i o n ,  m o l e s / l i t e r
C g ( I )  C o n c e n t r a t i o n  o f  m e t h y l  a c e t a t e  a t  i ^  t a n k  o r
p o s i t i o n ,  m o l e s / l i t e r
C ^ j  C o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  i n  s t r e a m  A
b e f o r e  u p s e t ,  m o l e s / l i t e r
Cg j  C o n c e n t r a t i o n  o f  m e t h y l  a c e t a t e  i n  s t r e a m  B b e f o r e
u p s e t ,  m o l e s / l i t e r
C C o n c e n t r a t i o n  o f  s o d i u m  h y d r o x i d e  i n  s t r e a m  A 
a f t e r  u p s e t ,  m o l e s / l i t e r
Cgp C o n c e n t r a t i o n  o f  m e t h y l  a c e t a t e  i n  s t r e a m  B
a f t e r  u p s e t ,  m o l e s / l i t e r
P ^ q P l o w  r a t e  o f  s t r e a m  A b e f o r e  u p s e t ,  l i t e r / m i n .
PgQ F l o w  r a t e  o f  s t r e a m  B b e f o r e  u p s e t ,  l i t e r / m i n .
F l o w  r a t e  o f  s t r e a m  A a f t e r  u p s e t ,  l i t e r / m i n .
F g ^  F l ow  r a t e  o f  s t r e a m  B a f t e r  u p s e t ,  l i t e r / m i n .
Q F l o w  r a t e  i n  m a i n  r e a c t o r  b e f o r e  a n d  a f t e r  u p s e t ,
l i t e r / m i n .
F l ow  r a t e  i n  r e c y c l e  b e f o r e  u p s e t ,  l i t e r / m i n .fthi
QrEf  F l ow  r a t e  i n  r e c y c l e  a f t e r  u p s e t ,  l i t e r / m i n .
v  F l o w  v e l o c i t y  i n  m a i n  r e a c t o r ,  m e t e r s / m i n .
v 1 F l o w  v e l o c i t y  i n  r e c y c l e  l i n e ,  m e t e r s / m i n .
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V Volume o f  e l e m e n t  i n  m a i n  r e a c t o r ,  l i t e r s
t  Time v a r i a b l e ,  min
t f Time v a r i a b l e  a f t e r  an  u p s e t ,  min
•x L e n g t h  v a r i a b l e  o f  m a i n  r e a c t o r ,  m e t e r s
1 L e n g t h  o f  m a i n  r e a c t o r ,  m e t e r s
N Number  o f  t i m e s  m a i n  r e a c t o r  i s  d i v i d e d
j  Number  o f  CSTRTs
I  T an k  o r  d i f f e r e n t  e l e m e n t
p
Dg f f  E f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t ,  m e t e r s  / m i n
Mq C o n c e n t r a t i o n  d i f f e r e n c e  b e t w e e n  B a n d  A a t
e n t r a n c e  o f  m a i n  r e a c t o r ,  m o l e s / l i t e r
Rq F r e q u e n c y  f a c t o r
k  R e a c t i o n  r a t e  c o n s t a n t ,  l i t e r / m o l e - m i n .
AE A c t i v a t i o n  e n e r g y ,  K c a l / m o l e
- r ^  R e a c t i o n  r a t e ,  m o l e s / m i n
Ax D i f f e r e n t i a l  l e n g t h  i n  m a i n  r e a c t o r ,  m e t e r s
At  Time i n c r e m e n t ,  m i n .
D i a m e t e r  o f  r e a c t o r  t u b e ,  cm 
0^ D i a m e t e r  o f  p a c k i n g  p a r t i c l e ,  cm
G r e e k  l e t t e r s :














Ramaswamy,  V . , T r a n s i e n t  r e s p o n s e  o f  a  t u b u l a r  r e a c t o r :  
G o l d e n ,  C o l o r a d o ,  C o l o r a d o  S c h o o l  M i n e s ,  T h e s i s  
1 1 8 5 ,  ( 1 9 6 8 ) .
M c K i n s t r y ,  K. A . ,  An e x p e r i m e n t a l  a n d  t h e o r e t i c a l  s t u d y  
o f  t h e  t r a n s i e n t  r e s p o n s e  o f  an  i s o t h e r m a l  t u b u l a r  
r e a c t o r  o f  a n  i s o t h e r m a l  t u b u l a r  r e a c t o r  w i t h  
r e c y c l e :  G o l d e n ,  C o l o r a d o ,  C o l o r a d o  S c h o o l  M i n e s ,
T h e s i s  1 2 9 8 ,  ( 1 9 7 0 ) .
K o p p e l ,  L.  B . ,  D y n a m i c s  o f  a  f l o w - f o r c e d  h e a t  e x c h a n g e r :  
I n d u s .  E n g .  C h e m i s t r y ,  v .  1 ,  p .  1 3 1 ,  ( 1 9 6 2 ) .
K o p p e l ,  L.  B . ,  D y n a m i c s  o f  a  c l a s s  o f  n o n - l i n e a r  d i s ­
t r i b u t e d  p a r a m e t e r ,  c h e m i c a l  r e a c t o r s :  I n d u s .
E n g .  C h e m i s t r y ,  v .  4 ,  p .  2 6 9 ,  ( 1 9 6 5 ) .
K o p p e l ,  L.  B . , C o n t r o l  o f  a  c l a s s  o f  n o n - l i n e a r ,  t u b u l a r ,
p a r a m e t r i c a l l y  f o r c e d  h e a t  e x c h a n g e r s ,  a n d  
c h e m i c a l  r e a c t o r s :  I n d u s .  E n g .  C h e m i s t r y ,  v .  5 ,
p .  4 0 3 ,  ( 1 9 6 6 ) .
B a t k e ,  T.  L . , P r a n k s ,  R. G . , a n d  J a m e s ,  E .  W. , An a n a l o g  
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